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Résumé

La géomeétrie des fibrés vectoriels constitue un champs fertile de recherche en géométrie Rie-
mannienne. Les fibrés vectoriels forment une large classe de variétés qui possédent des pro-
priétés géométriques intéressantes et un grand nombre d’applications a la fois en géométrie
différentielle et en physique mathématique. Les efforts dans cette direction ont commencé
dans les années 1950, lorsque S. Sasaki a introduit sa fameuse métrique ‘naturelle’ sur le fibré
tangent d’une variété Riemannienne [68].

Par la suite, la métrique de Sasaki a été intensément étudiée par plusieurs géométres.
Cependant la métrique a montré une ‘rigidité extréme’ (cf. [44]). Par conséquent, plusieurs
géometres ont introduit d’autres (classes de) métriques, dont la plus large est la classe des
métriques g-naturelles sur le fibré tangent, généralisant la métrique de Sasaki (cf. [1-3,45]), et
obtenue suite & une classification utilisant les théories des jets et des fibrés vectoriels naturels
(cf. [45]).

Le succés universel de la géométrie Riemannienne du fibré tangent a conduit certains
géomeétres & généraliser des métriques connues dans le contexte du fibré tangent au contexte
des fibrés vectoriels. Parmi les métriques qui ont été généralisées on trouve la métrique
de Sasaki, la métrique de Cheeger-Gromoll, et les métriques de Cheeger-Gromoll généralisées
[43,49,50,83]. Etant donné un fibré vectoriel (E, m, M), au dessus d'une variété Riemannienne
(M, g), muni d’'une métrique fibré h et d’une connexion compatible D, R. Albuquerque a
récemment introduit une classe de métriques, & deux poids 1 et @9, dépendant du carré de
la norme, qui généralise la métrique de Sasaki. Ces métriques ont été appelées les métriques
a symétrie sphérique. Cette thése est consacrée a I’étude des métriques & symeétrie sphérique.
Une étape clé été réalisée lorsque on a montré que les projections des fibrés vectoriels, munis
des métriques & symétrie sphérique, sont des submersions horizontalement conformes avec
une fonction de dilatation donnée par A = e ¥ (cf. [11]). Ceci nous a permis d’utiliser
la machinerie technique forte, contenue dans le travail de B. O’Neill dans le contexte des
submersions Riemanniennes, et sa généralisation, par S. Gudmundsson, dans le cadre des
submersions horizontalement conformes (cf. [29,30,61,62|).

On commence par 1’étude des géodésiques et de la complétude des métriques a symétrie
sphérique. On adopte la méme approche utilisée par O’Neill dans son traitement des géodésiques
des submersions Riemanniennes (cf. [62]). En particulier, on donne les EDOs qui décrivent
les géodésiques et en déduire quelques exemples. Ensuite, on traite la question de complé-
tude. Dans [13], R.Albuquerque a conjecturé que ’espace total d’un fibré vectoriel, muni
d’une métrique & symétrie sphérique, est complet si et seulement si la base et les fibres sont
complets. On répond affirmativement a cette question sans méme supposer la complétude
des fibres, mais sous une condition de bornétude sur la fonction de dilatation. En effet, on
montre que

St Uespace total E est muni d’une métriqgue Riemannienne telle que la projection
m: (E,G) — (M,g) est une submersion horizontalement conforme a dilatation
bornée, alors (E,G) est complet si et seulement si la variété de base (M, g) est
compleéte.(cf. [11])

vil



RESUME

En particulier, on applique le résultat précédent aux métriques & symétrie sphérique et
aux métriques de Cheeger-Gromoll généralisées. Précisément, on montre que

Supposons que lespace total E est muni d’une métrique G appartenant a l'une des
classes suivantes:

(i) métriques a symétrie sphérique avec des poids p1 et o, tels que @1 est bornée;

(i) métriques de Cheeger-Gromoll généralisées.

Alors, la variété Riemannienne (E,G) est compléte si et seulement la variété de
base (M, g) est compléte.

De plus, notre résultat principal s’applique aussi & une sous classe de métriques g-naturelles
sur le fibré tangent et le fibré tangent unitaire, & savoir les métriques de type Kaluza-Klein.

Par la suite, on étudie les symétries infinitésimales relativement aux métriques & symétrie
sphériques, notamment les champs de vecteurs fermés, conformes et de Killing. On construit
plusieurs exemples de champs de vecteurs conformes. En particulier, on explore les reléve-
ments horizontaux des champs de vecteurs de la base ainsi que les relévements verticaux des
sections du fibré considéré.

Dans le cas des relévements de horizontaux, on démontre le résultat suivant

Soit X un champ de vecteurs sur la base. Alors les assertions suivantes sont
équivalentes:

(i) X" est conforme sur E;
(i) X" est un champs de Killing sur E;
(i) X est un champs de Killing sur M et R¥(X,.),

avec X" est le relevement horizontal de X par rapport & D et RE est la courbure
de D.

En effet, on montre une forme plus générale du résultat précédent pour des champs de vecteurs
horizontaux, pas nécessairement des relévements horizontaux.

De I'autre coté, on caractérise les champs de vecteurs verticaux conformes. En particulier,
pour les relévements verticaux des sections, on montre le résultat suivant

Soit o une section non-nulle de E. Alors le relévement vertical o est un champ
conforme de fonction potentille f si et seulement si les assertions suivantes sont
vérifiées
(i) f(e) =\ (r)h((w(e)),e), pour tout e € E, avec r = h(e,e);
(ii) ¢} = ¢y sur RY;
(iii) o est paralléle.
En plus, on donne une classification des champs de vecteurs de Killing horizontaux, et on se
focalise sur les champs de vecteurs gradients de certaines classes de fonctions.

Les courbures des métriques a symétrie sphérique sont, ensuite, intensément étudiées. On
commence par la question d’hérédité. Précisément, on montre que

Si Uespace total E muni d’une métriqgue & symétrie sphérique est plat, de cour-
bure sectionnelle constante, d’Einstein ou de courbure scalaire constante, alors la
variété de base posséde la méme propriété, respectivement.
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Plus intéressante encore est I’étude de la question inverse, c’est-a-dire voir quand ’espace total
posséde une propriété géométrique remarquable sachant que la base la posséde. Premiérement,
on caractérise la platitude des métriques & symétrie sphérique. Précisément, on montre que

Une métrique a symétrie sphérique est plate si et seulement si la base est une
variété Riemannienne plate, la connexion est plate et les fonctions poids sont con-
stantes.

De plus, on montre plusieurs résultats de rigidité des métriques a symétrie sphérique concer-
nant la courbure sectionnelle. Par exemple, on montre

Soit G une métrique & symétrie sphérique avec fonctions poids o1 et pa. Sup-
posons que p1 atteint son minimum o zero (e.g. @1 est croissante). Si l’espace
total (E, G) est a une courbure sectionnelle constante, alors la connexion est plate,
la base est plate et les fonctions poids sont constantes. Ce qui est équivalent a la
platitude

En conséquence, nous étions forcés a étudiér le signe de la courbure sectionnelle ou & chercher
des métriques & symeétrie sphérique a courbure sectionnelle bornée. On construit, dans le cas
des connexions plates, des exemples de métriques & symétrie sphérique & courbure sectionnelle
bornée.

Puis, dans le méme esprit, on étudie les propriétés géométriques reliées au tenseur de
courbure de Ricci. En particulier, on construit, lorsque la connexion est plate, une famille &
deux parameétres de métrique d’Einstein parmi les métriques a symeétrie sphériques.

D’autres résultats de rigidité, relativement & la courbure de Ricci, sont démontrés. Par
exemple, on a

Supposons que E est un fibré en droites muni d’une métrique & symétrie sphérique
telle que o1 = 0. Alors (E,G) est une variété d’Einstein si et seulement si elle
est Ricci-plate, (M, g) est Ricci-plate et D est plate.

et

Supposons que le rang k > 2 et (E, Q) est Ricci-plate. Si la fonction v — roh(r)
est décroissante, alors D est plate, (M, g) est Ricci-plate et po est constante. La
Téciproque est aussi vraie.

Ensuite, on montre d’autres résultats de rigidité concernant la courbure de Ricci dans le cas
d’une connexion arbitraire et dans le cas d’une connexion plate.

Concernant la courbure scalaire, on montre une multitude de résultats de rigidité. Par
exemple, dans le cas d’un fibré en droites, on montre le résultat suivant

Soit (E,G) un fibré en droites muni d’une métrique 4 symétrie sphérique G, alors
(E,G) est a courbure scalaire constante Sc si et seulement si (M, g) est & courbure
scalaire constante Sc = Sc et la connexion D est plate.

On montre encore, pour des fibrés vectoriels de rang 2, que

Soit E un fibré vectoriel de rang k = 2. Supposons que E est muni d’une métrique
a symétrie sphériqgue G avec fonctions poids 1 et pa, telles que la fonction r —
roh(r) est croissante et ©5(0) = 0. Si (E,G) est a courbure scalaire constante,
alors (M, g) est a courbure scalaire constante, D est plate et po est constante.

Des résultats similaires, pour les rangs supérieurs, sont établis sous des conditions sur les
signes et la monotonie des fonctions poids. Particuliérement, on généralise plusieurs résultats
de rigidité connus dans le cas de la métrique de Sasaki.

Une propriété géométrique qui est étudiée dans le cas connexions plates est le fait d’étre
localement symétrique. On montre le résultat suivant
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Supposons que le rang k > 2, la connexion D est plate et G une métrique a
symétrie sphérique sur E. Alors (E,G) est localement symétrique si et seulement
si les conditions suivantes sont vérifiées

(i) @1 est constante;

i) ou bien 9 est constante ou o(r) = In(r + ¢), pour tout r € RT, pour une
(i1) @ @ P D
constante ¢ > 0;

(i) (M, g) est localement symétrique.

Finalement, on se focalise sur les sections harmoniques. On considére alors les trois prob-
lémes suivants d’harmonicité pour les sections:

e sections harmoniques comme applications (cf. [24,25,77,86]);

e points critiques de la fonctionnelle d’énergie mais avec des variations constituées par des
sections.(cf. [55])

e ’harmonicité verticale, c’est-a-dire le fait d’étre un point critique de la fonctionnelle
d’énergie(cf. [83]).

Pour chaqu’un de ces problémes, on donne les équations d’Euler-Lagrange. A cause de la
complexité de ces équations, on est forcé de donner des conditions nécessaires et suffisantes
pour les sections paralléles et celles de longueurs constantes. En particulier, on généralise un
résultat de J. Konderak ( [43]) comme suit

Supposons que M est compacte et E est muni d’une métrique & symétrie sphérique
avec fonctions poids @1 et pa. Si @) est positive et (1 4 2ryh) est strictement
positive sur Xy := {r = h(o,0)(x) : © € M} (resp. ¢} est négative et (1 + 2r¢h)
est strictement négative sur X, ). Si une section o de E est harmonique alors elle
est paralléle et sa norme constante est r = h(o,0). De plus, si ¢} # 0, alors
o=0.

Enfin, on donne des exemples de sections harmoniques.
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Abstract

The geometry of vector bundles constitutes an interesting research area in Riemannian geom-
etry. Vector bundles form a large class of manifolds with very tempting geometric properties
along with a large number of potential applications. They lay at the heart of many current
problems of differential geometry and mathematical physics. Hence the importance of inves-
tigating the Riemannian geometry of those spaces. The endeavours in this direction could be
traced back to the 1950s, when Shigeo Sasaki introduced his famous ‘natural’ metric in the
case of tangent bundles [68].

Subsequently, the Sasaki metric was extensively studied, but it turns out to be very rigid
(cf. [44]). Next, many geometers introduced generalizations of the Sasaki metric. Particularly,
a classification of all ‘natural’ metrics was accomplished based on jet theory and natural vector
bundles (cf. [45]), which leads eventually to the discovery of the large class of g-natural metrics
(cf. [1-3,45]).

The universal success of the Riemannian geometry of tangent bundles lead many geometers
to generalize many known metrics to the framework of vector bundles in general. Among those
metrics, we find the Sasaki metric, the Cheeger-Gromoll metric and the generalized Cheeger-
Gromoll metrics [43,49,50,83]. Recently, on a vector bundle (E,r, M), over a Riemannian
base (M, g), endowed with a fiber metric h and a compatible connection D, R. Albuquerque
introduced a class of metrics which generalize the Sasaki metric, with two weights 1 and 9
depending only on the square norm of the vector. They were called spherically symmetric
metrics. This thesis is devoted to the study of spherically symmetric metrics. A key step
is made when we prove that the projections of vector bundles with spherically symmetric
metrics are horizontally conformal submersions with dilation function A\ = e~%1 (cf. [11]).
This provides us with a very rigid technical machinery, namely the results of B. O’Neill
on Riemannian submersions and their generalizations to the case of horizontally conformal
submersions in the work of S. Gudmundsson (cf. [29,30,61,62]).

We shall begin by geodesics and completeness of spherically symmetric metrics. We adopt
the same approach used by O’Neill in his investigations of geodesics of Riemannian submer-
sions (cf. [62]). So, we will give the ODEs describing geodesics and we will derive some
examples. Then, we tackle the question of completeness. In [13], R.Albuquerque conjectured
that the total space endowed with a spherically symmetric metric is complete if and only if
the base and fibers are complete. We will answer the question in affirmative without assuming
the completeness of fibers, but under a condition on one of the weight functions. In fact, we
prove that

If the total space E is endowed with a Riemannian metric for which the projec-
tion m : (E,G) — (M, g) is a horizontally conformal submersion with bounded
dilation, then (E,G) is complete if and only if (M, g) is complete.(cf. [11])

In particular, this applies to spherically symmetric metrics as well as generalized Cheeger-
Gromoll metrics. More precisely, we will prove the following

Assume the total space is endowed with a metric G belonging to one of the following
classes

x1
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(i) Spherically symmetric metrics with weights ¢1 and w2, such that p1 is bounded;

(1) Generalized Cheeger-Gromoll metrics.

Then, the Riemannian manifold (E,G) is complete if and only if the base manifold
(M, g) is complete.

The main theorem applies also to a subclass of g-natural metrics on tangent bundles and
tangent sphere bundles, namely Kaluza-Klein type metrics.

We will investigate the symmetries of spherically symmetric metrics. We will study closed,
conformal and Killing vector fields. We also construct many examples of conformal vector
fields. In particular, we will study horizontal lifts of vector fields on the base and vertical lifts
of sections.

In the case of horizontal lifts, we will prove the following result

Let X be a vector field on the base. Then the following are equivalent

(i) X" is conformal on E;
(i) X" is a Killing vector field on E;
(i) X is a Killing vector field on M and RF(X,.).

Where X" denotes horizontal lift of X with respect to D and RF is the curvature
of D.

In fact, we will prove a general form of the previous result for horizontal vector field not
necessarily horizontal lifts.

On the other hand, we will characterize conformal vertical vector fields. In particular, for
vertical lifts of sections, we will prove the following result

Let o be a non-zero section. Then the vertical lift 0¥ is a conformal vector field
with potential function f if and only if the following assertions hold

(i) f(e) =i (r)h((w(e)),e), for all e € E, where r = h(e,e);
(it) ) = @y on RF;

(iii) o is parallel.

Moreover, we will give a classification result of horizontal Killing vector fields. At the end we
focus on gradient vector fields of certain classes of functions.

The curvature properties of spherically symmetric metrics will be heavily studied. We
begin by the question of heredity. Precisely, we will prove that

If the total space endowed with a spherically symmetric metric is flat, of constant
sectional curvature, an Einstein metric or of constant scalar curvature, then the
base space possesses the same property, respectively.

More importantly, we will study the inverse problem, that is when the total space possesses
one of the previous geometric properties provided the base the same property. First, we will
characterize the flatness of spherically symmetric. Precisely, we prove that

A spherically symmetric metric is flat if and only if the base is a flat Riemannian
manifold, the connection is flat and the weight functions are constant.

Furthermore, we will prove many rigidity results of spherically symmetric metrics with respect
to sectional curvatures. Interestingly, we shall prove the following

xii Abstract
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Let G be a spherically symmetric metric with weights 1 and pa. Assume that @1
attains it minimum at zero (i.e. 1 is increasing). If the total space (E,G) has
constant sectional curvature, then the connection is flat, the base is flat and the
weight functions are constant. Which is equivalent to flatness

Thus, we have been compelled to study the sign of sectional curvatures and to look for
spherically symmetric metrics with bounded sectional curvatures. We have succeeded to
construct examples of spherically symmetric metrics in the case of flat connections.

Next, we study in the same spirit the geometric properties related to the Ricci curvature
tensor. In particular, we have considered the problem of finding Einstein spherically symmetric
metrics. Interestingly, we will construct a two parameter family of Einstein metrics when the
connection is flat.

Many rigidity results with respect to the Ricci curvature tensor will be given, for example
we will prove

Assume that E is a line bundle endowed with a spherically symmetric metric
such that o1 = 0. Then (E, Q) is an Einstein manifold if and only it is Ricci flat,
(M, g) is Ricci flat and D is flat.

and

Assume that the rank k > 2 and (E,G) is Ricci flat. If the function r — roh(r)
is decreasing, then D is flat, (M, g) is Ricci flat and ps is constant. The converse
also holds

Subsequently, we will give other rigidity results concerning the Ricci curvature tensor both in
the case of an arbitrary connection or a flat one.

Concerning the scalar curvature, we will prove many rigidity results. For example, in the
case of line bundles, we will prove the following

Let (E,G) be a line bundle endowed with a spherically symmetric metric G, then
(E, Q) is of constant scalar curvature Sc if and only if (M, g) is of constant scalar
curvature Sc = Sc and the connection D is flat.

Moreover, we will prove, for vector bundles with rank 2, that

Let E be a vector bundle of rank k = 2. Assume E is endowed with a spherically
symmetric metric G, with weights @1 and @2, such that the function r — rh(r)
is decreasing and ©5(0) = 0. If (E, Q) is of constant scalar curvature, then (M, g)
is of constant scalar curvature, D is flat and ps is constant.

Similar results, for higher ranks, will be proved under sign and monotonicity assumptions on
the weight functions. Particularly, we will generalize known rigidity results in the case the
Sasaki metric.

Another geometric property that will be studied in the case of flat connections is being
locally symmetric. We will prove that

Assume that the rank k > 2, the connection D is flat and let G be a spheri-
cally symmetric metric on E. Then (E, Q) is locally symmetric if and only if the
following conditions hold

(i) @1 is constant;

(11) either g is constant or po(r) = In(r + ¢), for all € RT, for a constant

c>0;

Abstract X111



ABSTRACT

o (M,g) is locally symmetric.

Finally, we draw attention to harmmonic sections. We consider three harmonicity prob-
lems for sections. Precisely, the :

e Harmonic sections as maps (cf. [24,25,77,86]);
e Critical points of the energy functional but with variations through sections.(cf. [55])

e Vertical harmonicity, that is being a critical point of the vertical energy functional
(cf. [83]).

For each of these problems, we will derive the Euler-Lagrange equations. Facing the complex-
ity of the equations, we shall give necessary and sufficient conditions for constant length, and
eventually parallel sections. In particular, we will generalize a result of J. J. Konderak ( [43])
as follows

Assume that M is compact and E is endowed with a spherically symmetric metric
with weights 1 and pa. If ¢} is non-negative and (14 2ryh) is positive on Xy 1=
{r=h(o,0)(x) : x € M}(resp. ¢} is non-positive and (1 + 2ry}) is negative on
Yo ), then o is parallel and has constant norm r = h(o,0). Moreover, if ¢} # 0,
then o = 0.

At the end, we will give some examples of harmonic sections.
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Introduction

Vector bundles are present in almost every area of mathematics, ranging from algebraic topol-
ogy to algebraic geometry, differential geometry and mathematical physics. Part of the reason
is the rich structure that they enjoy. In classical differential geometry, the tangent bundle to
a manifold is an example of vector bundles. It arises naturally as the ‘habitat’ for velocities.
Through this lens, vector bundles emerge in a straightforward way, since one can replace the
tangent space by an arbitrary vector space while maintaining the ‘clutching property’ of local
trivializations. Though, it is difficult to trace back the origins of the concept of a vector
bundle, and generally bundle theory, we can say without a lot of risk that the physical idea of
a field was one of the greatest motivations. It was necessary for mathematicians, and even-
tually physicists, to introduce mathematical objects capable of capturing this idea. Other
motivations came from differential geometry itself e.g. Hamiltonian formalisms [58,66]. In
this respect, vector bundles provide a unifying language for differential geometry in which
most of the geometric objects and structures can be expressed, and a ‘universal’ language for
physics, especially fields theories both classical and quantum e.g. Yang-Mills theories and
their quantized versions [27,33,51,74,80].

The tangent bundle to a manifold arises in a natural way from basic differential geometry.
It is perhaps the first example of a non-trivial vector bundle. The manifold structure on
tangent bundles were defined in the most straightforward of ways, but their Riemannian
geometry was not given birth until 1958, when Shegiu Sasaki introduced his famous metric
known as the Sasaki metric (cf. [68]). After Sasaki, many geometers attempted to ‘lift’ a
Riemannian metric on the base to a metric on its tangent bundle (cf. [89]), but they didn’t
make much progress. The Sasaki metric was extensively studied from a multitude of points of
view ( cf. [44] for the curvature properties, [22] for a complex geometric perspective and [60]
for harmonic maps). Based on an analysis of the results that relates the geometries of the
base and total space, some geometers remarked that the Sasaki metric is extremely rigid in
the sense that any interesting geometric property requires the flatness of the base manifold.
For instance, O. Kowalski showed that the Sasaki metric is never locally symmetric unless the
base manifold is flat [44]. Further, E. Musso and F. Tricerri proved that the tangent bundle
endowed with the Sasaki metric cannot have constant scalar curvature unless the metric on
the base is flat [56]. The flatness of the base is equivalent to the flatness of the total space.
So, in some sense, the Sasaki metric was not ‘the best’ choice of metric one wish to consider.

Subsequently, many attempts have been made to generalize Sasaki’s construction while
overcoming the rigidity. In 1998, E. Musso and F. Tricceri constructed the metric known as
the Cheeger-Gromoll metric. In [69], M. Sekizawa proved that the Cheeger-Gromoll metric can
never have constant scalar curvature provided that the base manifold has constant sectional
curvature. Then, in [5], M.T.K Abbassi and M. Sarih showed that the Cheeger-Gromoll
metric cannot have a constant sectional curvature. The Cheeger-Gromoll metric itself was
generalized in the 2000s by Benyouness & al [50] in the framework of harmonic sections [49].

Going back to the 1950s, C. Ehresmann developed his theory of espaces généralisés and
prolongations of manifolds (cf. |35]). This was the fruit of a long lasting work on the theory of
connections and ‘prolongations of manifolds’. The central objects in his theory were jets and
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jet manifolds. Those ideas allowed the introduction of many generalizations of the tangent
bundle. If we adopt the kenetic point of view of tangent vectors, that is considering them as
velocities of curves in the manifold, then one can define ‘higher order velocities’ using the con-
cept of a jet (cf. [35]). Analogically, higher order frames were introduced, and generalizations
of the general linear group were also defined using jets, namely the differential groups.

On the other side, the first half of the twentieth century was the golden age of algebraic
topology. The interest in categories and functors as a unifying language was increasing.
Tangent bundles give a functor on the category of smooth manifolds with smooth maps as
arrows. Generalizing this fact to many other examples, one can define many vector bundles
by making suitable choices of categories and functors. This has given rise to the theory that
we know today as natural vector bundle theory (cf. |35,47,53]). Back at the time, most of the
known examples of vector bundles were natural vector bundles, hence a classification problem
was on the horizon. Interestingly, in 1976, R.S. Plais and C.L. Terneg showed that all natural
bundles which have finite order, a condition on jets, are in fact associated bundles to the
principal bundles of higher order frames [63].

By the 1980s, jet and natural vector bundle theories were mature enough to generate a
revolution in our understanding of bundle theory. Based on two remarks, firstly most of the
lifts of Riemannian metrics on a base manifold to metrics on its tangent bundle can be seen
as natural transformations of certain functors, and secondly all this lifts depend on the first
jet of the metric seen as a section of a certain vector bundle, O. Kowalski and M. Sekizawa
have given a classification of those natural transformations, and hence a classification of all
the natural lifts of metrics to tangent bundles (cf. [45]). Their work revived the interest
in the Riemannian geometry of tangent bundles and lead to the discovery of the vast class
of g-natural metrics on tangent bundles [2,3,7,45]. g-natural metrics is a class of metrics
depending on six smooth functions of the square norm of vectors. The Riemannian geometry
of those metrics was the subject of dozens of works by many renewed geometers. For details
on their properties, we refer to [2,3,7,44,45] and the references therein. Furthermore, all
the metrics constructed so far on tangent bundles were particular cases of g-natural metrics.
Moreover, every g-natural metric on a tangent bundle induces a metric on tangent sphere
bundles. For details, we refer to [2-4,7| and the references therein.

As mentioned earlier, vector bundles arise as immediate generalizations of tangent bun-
dles. So, it is totally natural to generalize what has been done to the framework of vector
bundles, since the Riemannian geometry of tangent bundles was a great source of examples
of interesting geometries as well as a ‘lab’ for testing many geometric results. On top of this,
since Finstein’s first attempt to construct a unified field theory and the introduction of Yang-
Mills theories, it became clear that vector bundles are indispensable as a language for physics
to write the equations of field theories. One could say that the twentieth century physics
is a physics of unification, and unification requires vector bundles. Many current physical
problems concerns gauge field theories and Yang-Mills theories, which are equations written
in some specific vector bundles [33,80]. As many physicists suggest, in particular Lee Somlin,
that we should deepen our understanding of the structure of space-time and eventually the
spaces where we write down our physical equations [71]. Furthermore, line bundles in par-
ticular, and vector bundles in general, are increasingly playing a role in algebraic geometry,
especially elliptic curves theory, in complex geometry, Calabi-Yau geometry (e.g. the Picard
group [40]). The Riemannian geometry of vector bundles is a contribution to deepen our
understanding of vector bundles, which may lead to a solution to problems related with the
areas listed above as well as in Riemannian and differential geometry.

Now, consider a vector bundle (E,m, M) with a Riemannian base. Assume that E is
endowed with a fiber metric h and a connection D compatible with h. Using this data, many
authors have generalized some of the metrics cited above. For example, the Sasaki metric has
been generalized to a Riemnannian metric on vector bundles. It is defined in a straightforward
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manner and was called also the Sasaki metric. This was considered in the context of harmonic
sections by J. J. Konderak (cf. [43]). Other examples of metrics that were generalized to the
case of vector bundles in the study of harmonicity are the generalized Cheeger-Gromoll metrics
(cf. [49]). The generalized Cheeger-Gromoll metrics were studied by M. Boucetta and H. Soufi
in the context of Euclidean Lie algebroids (cf. [19]).

Though tangent bundles are special cases of vector bundles, they enjoy a very rich struc-
ture. This can be explained by three facts. Firstly, the local coordinates of the tangent bundle
manifolds, and hence the local trivialisations of the tangent bundles, stem directly from local
coordinates of the base manifold. Secondly, an affine connection on the base manifold is, by
definition, a connection on the total space. Thirdly, a Riemannian metric on the base gives
inner products on fibers. This is a double-egged sword because the geometry of the total space
will always be closely related to that of the total space, and this prevent us from constructing
interesting geometries without first assuming that the base manifold possesses that property.
This is also due to the existence of the zero section. In the case of a vector bundle in general
both the inner products on fibers as well as the connection are extra-ingredients which we
provide. So, there is no reason a priori that the geometries will be closely related as in the
case of tangent bundles. As matter of fact, one can hope to overcome many rigidities encoun-
tered in the case of tangent bundles. This is another sufficient reason to pursue a research on
the Riemannian geometry of vector bundles in full generality.

The construction of all the metrics on tangent bundles, and eventually vector bundles in
the large, rely on the decomposition of the tangent spaces to the total space, thanks to the
connection, into horizontal and vertical parts. In the realm of tangent bundles, a horizontal
(resp. wertical) vector is a horizontal (resp. wvertical) lift of a vector tangent to the base. It is
well known that horizontal lifts exist always thanks to the connection. But when it comes to
vertical lifts, one should be careful. In the case of tangent bundles, the identification of one
forms on M with functions on T'M allows us to lift tangent vectors to the base into vertical
tangent vectors to the total space. In this case, since the inner products on fibers are nothing
but the Riemannian metric on the base manifold, one could make easily ‘combinations’ of
horizontal and vertical vectors, which explains the largeness of the class of g-natural metrics.
Unlike the previous case, for a general vector bundle, one could only lift vertically elements
of the fibers and not tangent vectors to the base. This is a hurdle, since there is no way to
make the horizontal and vertical lifts ‘interact’ between them.

Undoubtedly, tangent bundles are particular cases of vector bundles. But, there is a
fundamental difference between the Riemannian geometries of tangent bundles and vector
bundles in general. This is due to the arbitrariness in the choice of the necessary geometric
data to the construction of metrics on vector bundles. More precisely, while the connection
on a tangent bundle comes from the Riemannian metric on the base, it is an extra-data we
provide for a vector bundle in general. Indeed, while for a tangent bundle, the inner products
on fibers come from the Riemannian metric on the base, it is an extra-structure on a vector
bundle in general. All at all, the Riemannian geometry of a vector bundle is based on the
following data:

e The connection;
e The Rimannian metric on the base;

e The weight functions of the metrics.

Hence the manipulation of the previous geometric data, both in computations and analysis,
is the only way to study the geometry of vector bundle manifolds, and that’s what we will be
doing in this thesis.

Motivated by the search of manifolds with special holonomy and the general form of g-
natural metrics, R. Albuquerque introduced a class of Riemannian metrics on vector bundle
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manifolds, the so-called spherically symmetric metrics(cf. [13]). This is a class of Riemannain
metrics with two weight functions depending only on the square norm of vectors. This thesis
is devoted to the study of different aspects of the class of spherically symmetric metrics. The
author of [13] has accomplished some computations of curvature in the case of flat connections
and also computations of the curvature on the zero section in the general case. He derived
the ODEs describing geodesics and he tried to find some of them. R. Albuquerque has given
illuminations and left many problems for further study. Finally, he computed the holonomy
of a special spherically symmetric metric on the spaces of self-dual and anti-self dual 2-forms.

To the best of our knowledge, the Riemannian geometry of vector bundles is still unex-
plored except some partial results mostly in the context of harmonicity. In this thesis, we will
study different aspects of spherically symmetric metrics. Unlike the case of tangent bundles,
we will literally develop from scratch the necessary technical machinery for computations and
analysis.

We will scrutinize spherically symmetric metrics. The study will be divided into three
lines. First of all, we will study the completeness and geodesics. The second line deals with
‘first order geometry’, that is the symmetries of spherically symmetric metrics. Finally, we
come to ‘second order geometry’, that is curvature. This thesis is divided into five chapters.
The first chapter contains the necessary notions of vector bundles, connections on them and
a short survey of Riemannian metrics on vector bundles. The other four chapters are the
synthesis of the results from our papers [8-12].

It is noteworthy that for the general framework of vector bundles, it was very difficult
to make the computations using the basic formulas. Hence we had to search for technical
alternatives. Fortunately, the projections of vector bundles when endowed with spherically
symmetric metrics are horizontally conformal submersions, that is a generalization of Rie-
mannian submersions in the following sense: instead of assuming that the projection is an
isometry, we multiply by a conformal factor called the dilation function. This concept comes
from the theory of harmonic morphisms. Indeed, Ishihara (cf. [37]) and Fuglede (cf. [26]),
have independently characterised harmonic morphisms, under a dimensionality assumption,
as harmonic maps which are horizontally conformal maps. In [61], B. O'Neill studied Rie-
mannian submersions in the same spirit of sub-Riemannian geometry. He introduced two
tensors associated with a submersion, the so-called fundamental tensors of a submersion.
Further, O’Neill derived the equations that relate the curvatures of the total space and base
of a Riemannian submersion. He gave the equations analogous to Gauss and Codazzi equa-
tions, such equations were called the fundamental equations. Then, in his doctoral thesis, S.
Gudmundsson generalized O’Neill’s work to the case of horizontally conformal submersions.
Our computations relay in a fundamental way on the approach of O’Neill and Gudmundsson
(cf. [29,30,61,62]).

As mentioned above, the first chapter is devoted to recall the concepts of vector bundles
and connections on them. Other relevant notions are given in the appendices. We have tried
to make this thesis self-contained while making it as concise as possible. We avoided to load
it with too much notions from the literature. So, any relevant notion which will not be needed
in the core is sent to the appendices.

The second chapter deals with the questions of geodesics and completeness. In the light of
O’Neill’s approach to geodesics |62, we have derived the equations describing geodesics and
we have given some of their classes. Concerning the completeness of spherically symmetric
metrics, R. Albuquerque conjectured that the total space when endowed with a spherically
symmetric metric is complete if and only if the fibers and base are complete (cf. [13]). We
have given an affirmative answer without assuming the completeness of fibers but under a
boundedness assumption on the dilation function. The proof of our main theorem is based
on the Hopf-Rinow theorem and techniques of metric topology (cf. [11]).

The third chapter is devoted to the study of symmetries of spherically symmetric metrics.
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It is a summary of our results in [8]. We begin first by studying closed vector fields. Then
we give a detailed exposition of different infinitesimal transformations: Killing and confor-
mal vector fields. Finally, we specialize to gradient vector fields. Moreover, we give some
classification results of horizontal Killing vector fields and parallel vector fields under some
assumptions on the weight functions.

The fourth chapter is a synthesis of our results in [9,12]. We give the formulas of the
curvature tensor, the Ricci tensor, the sectional curvature and the scalar curvature both
in the general case and in the case of a flat connection. We will analyse the formulas in
general, then we will give the corresponding results in the special case of flat connections.
We have adopted an approach from general to particular: first arbitrary connections, then
flat connections. It is the natural order of things. We begin by proving that many geometric
properties are hereditary, that is once the total space has one of those properties, the base
manifold necessarily possesses the same property. Next, we try to answer the converse, that is
assuming the base manifold has a remarkable geometric property, one searches the necessary
and sufficient conditions for the total space to have the same property. The aim is to find
interesting geometries among spherically symmetric metrics. We proceed from stronger to
weaker geometric properties. So, we begin by a study of sectional curvature. We characterize
flat and spherically symmetric metrics with constant sectional curvatures, then we try to find
those with bounded sectional curvatures. Next, we study the Ricci curvature and spaces with
special Ricci tensors e.g. Einstein metrics. In the case of flat connections, we will construct a
1-parameter family of Einstein metrics. Finally, we give some families of spherically symmetric
metrics with constant scalar curvature.

The last chapter deals with harmonic sections. It is a summary of our results in [10].
At the beginning we will review the concepts of harmonicity and related notions. Then, we
proceed directly to a detailed study of harmonic sections. We shall consider three situations:

e Harmonic sections as maps between two Riemannian manifolds;

e Harmonic sections as critical points of the energy functional with variations through
sections;

e Vertically harmonic section, that is the critical points of the vertical energy.

In each one of these situations, we give the Euler-Lagrange equations and we give necessary
and/or sufficient conditions for some sections to be harmonic. One of the aims is the gen-
eralization of Konderak’s results as well as some of Benyounes &al’. We give also concrete
examples of harmonic sections.

It is worth mentioning that we didn’t include the actual computations for the sake of
being concise. But, most of the computations are either peer reviewed [8,11,12], or they are
confirmed, since they agree with the computations made in the case of flat connections [12,13]
and on the zero section [13].
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Chapter 1

Preliminaries

This chapter is a brief exposition of the theory of smooth vector bundles, it contains the nec-
essary ingredients for the subsequent sections. Most of the material can be found in classical
textbooks and treatises on the subject for example [35,42,53,59,65,72, 78] for vector bundle
theory in the large, for natural vector bundles and jet manifolds, much of the material can be
found in [35,46,47,53]. This chapter contains also a precise and concise account of connection
theory on vector bundles. Moreover, the last section is a short survey of Riemannian metrics
on vector bundle manifolds as well as O’Neill’s theory of fundamental tensors and funda-
mental equations in both frameworks: Riemannian submersions and horizontally conformal
submersions (cf. [29,30,61,62]).

All objects are assumed to be smooth and smooth means infinitely differentiable. Mani-
folds are assumed to be connected and without boundary.

1.1 Vector bundle theory

1.1.1 Vector bundles in the large
Let K be one of the fields R or C.

Definition 1. A K-vector bundle (or vector bundle over K) of rank & and standard fiber V'
is a triple (E, 7, M) where E and M are smooth manifolds, V' is a k-dimensional K-vector
space such that:

1. m: E — M is a smooth mapping,
2. for all x € M, E, = 7 () is a K-vector space of dimension k,

3. F is locally trivial i.e. for all m € M, there is a neigborhood U of m and a fiber
preserving diffeomorphism ¢ : 771(U) — U x V, that is a diffeomorphism such that
the following diagram

~Y(U) v UxV
\\ pri
U

is commutative with ¢z, : £, — V is a vector space isomorphism, with pry : UxV —
U is the projection on the first factor.

In this case, E is called the total space, M is the base, V is the typical fiber or the standard
fiber and 7 is called the projection. Finally, the subset E, = 7 !(z) is called the fiber of E
over x € M.
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We shall refer to a vector bundle only by its total space and we will omit the rank as long
as we don’t need it in the context. When K = R (resp. K = C), we speak about real (resp.
complez) vector bundles .

Remarks 1. Let (E, 7, M) be a K-vector bundle of rank k, then

1. The pairs (U, ) in the previous definition are called vector bundle charts or local trivial-
izations. We will make use of both of them indifferently. Further, a collection of vector
bundle charts covering the base is called a vector bundle atlas.

2. Since FE is locally trivial, the projection is a surjective submersion. Indeed, surjectivity
is clear. To prove that 7 is a submersion, let e € E, m = 7(e) and (U,) a vector
bundle chart around m, then pri o ¢ = m, by passing to differentials on both sides we
conclude that 7 is a submersion since pry is a submersion.

3. Since the projection is a surjective submersion, the fibers are closed submanifolds of the
total space.

4. When the rank k£ = 1, we speak about a line bundle.
5. The dimension of the total space is given by dim(E) = n + k, with dim(M) = n.

Because we aim to study the Riemannian geometry of vector bundles, it is worthy to
consider only real vector bundles. Furthermore, we can always pass from a complex vector
bundle to a real one. More precisely, let (E,m, M) be a complex vector bundle, since every
complex vector space is canonically a real vector space of real dimension twice the complex
dimension, and C is identified with R?, each fiber of F is a real vector space and each complex
vector bundle chart induces a real vector bundle chart of E. This process is called the
realification of E (cf. [65] for details). Henceforward, we consider only real vector bundles.

It is worth mentioning that vector bundles may be introduced through the language of
vector bundle charts and vector bundle atlases with a relation of compatibility. This formalism
is developed in [35] and [53].

Definitions 1. Let F and M be two smooth manifolds.

(i) Let 7 : E — M be a smooth mapping between E and M, and let V be a k-dimensional
real vector space. A vector bundle chart on (E, 7, M) is a pair (U,), where U is an
open subset in M and 1 is a fiber preserving diffeomorphism i.e. a diffeomorphism such
that the following diagram:

~1(U) v UxV

\ pr1
U

(ii) Two vector bundle charts (U1, 1) and (Uz,12) are said to be compatible if 11 owgl is a
fiber linear isomorphism, i.e. (¢1 0ty ') (x,v) = (x,112(2)v) for some smooth mapping
2 UiNUz — GL(V) and for all z € Uy NUz and v € V' . The mapping 1 2 is then
unique and smooth and is called the transition function between the two vector bundle
charts.

1s commutative.

(iii) A vector bundle atlas {(Uy, V) }acr for (E,m, M) is a set of pairwise compatible vector
bundle charts (Uy, %) such that (Uy)aer is an open cover of M. Two vector bundle
atlases are said to be equivalent if their union is again a vector bundle atlas.

10 1.1. Vector bundle theory
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(iv) A vector bundle (E,m, M) consists of two manifolds E (called the total space) and M (
called the base), and a smooth projection map 7 : E — M together with an equivalence
class of vector bundle atlases.

It is not hard to see the equivalence between the two languages, but we prefer the first
definition since it makes clear the local triviality and allows one to stay in touch with all of
its elements, besides the fact that the existence of local trivializations matters more than a
particular choice of a vector bundle atlas.

Remark 1. In practice, vector bundles are constructed by exhibiting a set £ which will even-
tually be the total space together with a ‘base manifold’ M, a surjective map 7 : E — M and
pairs (U,v) where U is open in M and ¢ : 771 (U) — U x V which is fiberwise linear, where
V' is a fixed finite dimensional vector space, then showing the compatibility of the exhibited
pairs will give at the same time a smooth structure on F and a vector bundle structure on

(E,7,M).
Examples 1.

1. The trivial vector bundle: let M be a smooth manifold and V be a k-dimensional
vector space, then (M x V,pry, M) is a vector bundle of rank & and standard fiber V|
where pry is the projection on the first factor of M x V.

2. The universal line bundle over RP": the real projective space RP" is the quotient of
R™*! by the equivalence relation ~ defined as: u ~ v if and only if there exists A € R\ {0}
such that u = Av. Let p : R®™ — RP™ be the natural projection. Denote by U; the
subset of RP™ defined by U; = {p(21, ..., znt1) : 2j # 0}. Define 1, : p~1(U;) — R the
map given by 1;(21, ..., Zn+1) = 2;, hence RP™ possesses a structure of a line bundle for
which the vector bundle charts are (Uj, (p,¢;)), for j =1,...,n+ 1.

3. The tangent bundle to a manifold: Let M be an n-dimensional manifold, x € M
and T, M the tangent space to M at z. Consider

™ = | | TuM,
xeM

and the map 7w : TM — M with w(v) = z, for all v € T, M. For a manifold chart
(U, ) on M, define ¢ : 7=1(U) — U x R"™ with @(x,v) = (¢(z),drp(v)). The pairs
{(z=X(U),®)} induce a topology and a smooth structure on TM for which (T M, r, M)
is a vector bundle with standard fiber R"™.

It is natural to ask how many vector bundles with a fixed standard fiber could be con-
structed over a fixed base. The attempt to answer such a question has led to the important
reconstruction process that we aim to recall in what follows. It is worth mentioning that the
topological part of the question has led to K-Theory and characteristic classes, but we are
interested here in the classification of smooth vector bundles, so the topological study is out
of the scope.

First, let (E, 7, M) be a vector bundle with standard fiber V' and let {U,} be a covering
of M such that {(Ua, %)} is a vector bundle atlas for E. Then, for «, 3 such that Uyg :=
UaNUg # 0, we have 1), owgl(x, v) = (z,Yap(x)(v)), for all z € M and v € V, for a smooth
map Yag : Ua NUg — GL(V) (cf. [35]). This family of transition functions satisfies the
following identities:

(1.1.1) Vap(@)Vgary(2) = thay(x), for eachz € U, NUg N U,,
o Yaa(z) = Idy, for each z € U,

1.1. Vector bundle theory 11
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We say that the collection (1,3) satisfies the cocycle condition, and we call it the cocycle of
transition functions for the vector bundle atlas {(Uy, V0 )}

Suppose that {(Ua, ¢q)} is another vector bundle atlas over the same cover {U,}. The
compatibility of the charts (U, pq) and (U, o) implies that there exists a smooth map
To : Uy — GL(V) such that (o, 0 ¥, (2,v) = (z,7a(7)(v)) for all x € U, and v € V. A

simple computation gives

(1.1.2) Ta(2)Vap(z) = pap(x)8(2), for allz € Uyp.

We say that the two cocyles of transition functions (¢.5) and (1ag) are cohomologuous.
The resulting cohomology classes over the open cover with values in the sheaf GL(V) =
C>(.,GL(V)) combine to a set H'((U,), GL(V)) called the first Cech cohomology of the
open cover (U,) with values in the sheaf GL(V') (cf. [35,53]).

For a refinement (V;)ies of (Ua)a, with V; C U, for some refinement mapping ¢ :
I — A, any cocycle (1a8) over (U,) induces the cocycle ¢;; = (wa(i)g(j))wij denoted
by €*(¥ap). The mapping €* respects the cohomology relations and induces a mapping
et H'((Uy), GL(V)) — H((W;), GL(V)). This allows one to pass to the inductive limit
@Hl(u,@(V)) =: HY(M,GL(V)) over all open covers of M. This gives the so-called first
Cech cohomology of M with values in the sheaf GL(V'), see [35] for more details.

So, two vector bundle atlases of the same vector bundle give cohomologuous cocycles of
transition functions. In what follows, we will investigate the inverse process, that is using
a finite dimensional vector space, an open cover of a manifold with a collection of functions
such as those in (1.1.1), one can construct a vector bundle for which the given collection of
functions is its cocycle of transition functions.

Let V be a real finite dimensional vector space. Given an open cover U = {U,} of the
manifold M together with a collection of smooth mappings ¥, : Uy NUg — GL(V') defined
for a, f with Uy, NUg # (. We assume that the collection (1,4) satisfies the cocycle condition
given by equations (1.1.1).

Consider the set |J, ({a} x Ua x V) and define on it the relation

(v, 1,v) ~ (B, 2, w) if and only if 1 = z2 and g4 (1) (v) = w.

By virtue of the cocycle condition (1.1.1), it follows that the relation ~ is an equivalence
relation. The equivalence class of (a,x,v) is denoted by [a, x,v], and the set of equivalence
classes is denoted by E = VB((¢43)) and it is endowed with the quotient topology. Consider
the map 7 : £ — M defined by n([o,z,v]) = x. For each «, consider the map 1, :
71 (U,) — Uy x V with ¢, ([o, z,v]) = (z,v), for all [a,x,v] € E. Then, for a, 3 with
Uso NUg # 0, we have 9, o @Z)/gl(ac,v) = (2,v%ap(x)(v)) which is clearly smooth. Hence
(E, 7, M) is a smooth vector bundle with standard fiber V for which {(U,, %)} is a vector
bundle atlas. We refer to this process as reconstruction.

The previous construction shows that the structure of a vector bundle is totally encoded
within a vector space (it would be the standard fiber ), a cover of a manifold and a cocycle
of transition functions satisfying (1.1.1).

Using arguments from topological dimension theory, it has been proved that:

Theorem 1. (see [35]) Every vector bundle has a finite vector bundle atlas.

Theorem 2. (see [35]) For every vector bundle (Ey1,m, M), there is a second vector bundle
(Eg,ma, M) such that (Ey & Ea,m, M) is the trivial vector bundle.

12 1.1. Vector bundle theory
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1.1.2 Vector bundle morphisms

Definition 2. Let (Eyi,m,M;) and (Eq,ms, M) be two vector bundles. A smooth map
® . Fhy — FEy is called a vector bundle morphism if for all x € My, there exists a point
y € M> such that:

1. (P(El,x) C E27y;
2. The induced mapping ®, : K1, — Es 4 is a linear map.

In particular, @ is a vector bundle isomorphism if it is invertible and its inverse is also a vector
bundle morphism.

If ® : By — FE» is a vector bundle morphism, then ® induces a map ¢ : M7 — Ms such
that ¢ om; = w3 0 ®, one says that ® covers . Further, since ® is smooth, ¢ is also smooth.

The composition of vector bundle morphisms is again a vector bundle morphism. More-
over, inverse bundle isomorphisms induce inverse diffeomorphisms between the base manifolds.

For a vector bundle morphism ® to be an isomorphism it is sufficient for ® to be a
diffeomorphism. Furthermore, vector bundle isomorphisms are characterized as follows:

Proposition 1. (see [78]) Let (E;, mi, M;), for i = 1,2, be vector bundles and let ® : E; —
Es5 be a vector bundle morphism inducing ¢ : My — Mo between the base manifolds. Then
D is an isomorphism if and only if

1. ¢ is a diffeomorphism,
2. @yt By —> By y(y) 15 a linear isomorphism, for all x € M.

Corollary 1. Let (E;,m;, M), for i = 1,2, be vector bundles over the same base and let
® : i — Es be a vector bundle morphism covering the identity. Then ® is an isomorphism
if and only if each fiber ﬁfl(p) 18 mapped isomorphically to ng(p).

Remark 2. Let Ey and E3 be two vector bundles over a manifold M. Denote by Hom(E1, E2)
the set of vector bundle morphisms covering the identity map of M, and let &, ¥ € Hom(FE1, E2).
Then, for all e € F1 and A € R, set

(AP + U)(e) = A\P(e) + U(e).
Hence, Hom(E1, E») is endowed with the structure of a real vector space.

Example 1. An important example of vector bundle morphism is the tangent mapping to a
smooth map. Let ¢ : M — M3 be a map, then its tangent map dp : TM; — T M5 defined
dp(z,v) = (p(x),dyp(v)), is a vector bundle morphism between the tangent bundles T'M;
and TM2

The correspondence between vector bundles with a fixed standard fiber over a fixed base
and cocycles of transition functions may be formulated in the language of vector bundle
morphisms as follows:

Theorem 3. (see [35, 53]) There exists a bijective correspondence between the first Cech
cohomology H'(M,GL(V)) and the set of isomorphism classes of vector bundles over M with
standard fiber V

Theorem 4. (see [35]) Let (E,m, M) and (F, 72, N) be vector bundles, and let & : E — F
be a vector bundle morphism covering ¢ such that rank(®, : E, — ng(x)) 15 constant in
x € M. Then the kernel ker(®), defined by ker(®), := ker(®,), for all x € M, is a vector
subbundle of E.

1.1. Vector bundle theory 13
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1.1.3 Sections and frames

For the tangent bundle to a manifold M, vector fields are defined as smooth maps X : M —
TM such that 7wy 0 X = Idjs, where 7 is the canonical projection of TM onto M. Sections
of arbitrary vector bundles are just generalizations of vector fields in the case of tangent
bundles. Often physicist use the term ‘field’ to indicate sections of vector bundles regardless
of the bundle under consideration.

Given a vector bundle (E, 7w, M) and an open set U C M. Set Ey := 7~ !(U) and consider
the restriction of the projection m : 7 *(U) — U, then (Ey,my,U) is a vector bundle.

Definition 3. Let (E, 7w, M) be a vector bundle. A (global) section of Eisamapo: M — E
such that 7 o o = Idys. Accordingly, a local section is a map p : U — Ey, for some open
subset in M, such that 7o p = Idy.

Every vector bundle has a distinguished global section, namely the zero section O : M —»
E such that O(z) = 0,, with 0, is the zero element of the fiber E,.

Examples 2. Let M be a manifold and p, ¢ be positive integers.

1. If E = M x R is the trivial line bundle bundle, then sections of E are identified with
real valued functions on M;

2. If E=TP49M is the vector bundle of (p, g)-tensors on M, then sections are tensor fields
of type (p,q);

3. If E = AP T*M is the vector bundle of skew-symmetric p-linear maps, then sections are
differential p-forms.

Definition 4. Let o be a section of E. The support of o is the closure of the set {z € M :
o(x) # 0} and it is denoted by supp(o).

The space of smooth sections of a vector bundle (E,m, M) is denoted I'(E). The point-
wise addition and multiplication induce naturally on I'(E) the structure of a vector space.
Furthermore, if f € C°°(M) and o € I'(E), then the product defined by

(fo)(z) = f(x).0(z),

for all x € M, gives rise to a structure of C°°(M)-module on I'(E).

A vector bundle has ‘many’ sections. Indeed, consider a vector bundle atlas {(Ua, 1q)}
for E and let V' be the standard fiber of E. For any smooth function f, : U, — V the map
x +— 5z, fo(z)) is a local smooth section of E. If (g,) is a partition of unity subordinate
to the open cover (Uy), then the map o : M — E, with o(z) =Y, ga(2)¥3 (2, fa(2)), is a
global section of F.

Remark 3. It is important to note that a local section need not to be extendable to a global
section. Indeed, consider the simplest case of the trivial line bundle £ = R x R and let

1
o :(0,400) — E be the local section defined by o(z) = (x, —), thus it is clear that o can
T

not be extended to a global section.

Proposition 2. (see [66]) Let (E,m, M) be a vector bundle and let o € I'(E). Then (M, o)
s an embedded submanifold of E.

In the case of the tangent bundles to manifolds M and N, if f : M — N is a map, then
two vector fields X € X(M) and Y € X(N) are said to be f-related if df o X =Y o f. This
relation extends to arbitrary vector bundles as follows:

14 1.1. Vector bundle theory
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Definition 5. Let (Fy,m, M) and (Eq, w2, M2) be two vector bundles and let & : £} — Ey
be a vector bundle morphism covering a map ¢ : My — M. Two sections o1 € I'(E7) and
o9 € T'(E3) are said to be ®-related if ® ooy = 090 .

Example 2. Let M, N be two manifolds and let f: M — N be a map. Then, two vector
fields X and Y are f-related if and only they are df-related in the sense of Definition 5, where
df is the differential of f.

In the case of tangent bundles, if (U, z!,...,2") is a local coordinate system with % are

the coordinate vector fields, then by their very definition, the system of vectors {(821- )x} is a
basis for T, M, for all x € U. For arbitrary vector bundles, there exists the analogous notion

of frame.

Definition 6. Let (E,m, M) be a vector bundle of rank k£ and let U be an open subset of
M and S = {o;}1<i<i, with [ < k, a system of local sections of E over U. The system S is
said to be pointwise linearly independent if {o;(x)}1<i<; is a linearly independent system of
vectors in F, for all x € U, in this case S is said to be an [-frame. If | = k, we speak about
k-frame or just a local frame.

Thus local frames provide bases for the fibers, and hence they allow one to expand local
sections. Local frames are ultimately related to vector bundle charts. Indeed, let E be a
vector bundle with standard fiber V', if (U, %)) is a vector bundle chart of E and {e;}i<i<f is
a basis for V', then the maps defined by o; :  +— ¥, !(z,¢;) are local sections of E over U,.
Moreover, the system {o;} is a local frame on U,. Hence, local trivialisations generate local
frames.

Conversely, if {0;} is a local frame on U and {e;} is a basis for V, then consider the map
Y Y U) — U x V with ¢(e) = (n(e), Y_; Mie;) where e = >, Ajoi(m(e)). It is not hard to
see that 1 is a local trivialization of F.

Hence the equivalence between giving local frames and local trivializations. This corre-
spondence shows that a vector bundle is trivial if and only if it has a global frame.

Definition 7. A manifold is said to be parallelizable if its tangent bundle is trivial.
Example 3. The spheres S, S3 and S” are parallelizable. See [66] for a detailed proof.

Proposition 3. (see [66]) Let (E,m, M) be a real vector bundle of rank k, and let x € M and
r < k be an integer.

(i) Let {e1,...,ex} be a basis of E,, then there exists an open neighbourhood U of x and a
local frame {o;} over U such that o;(x) = e; for alli=1,... k.

(ii) Let o1,...,0, be local sections defined on neighbourhoods Uy, ...,U, of x, respectively,
such that the system {o;(x)} is linearly independent in E,. Then, there exists an open
neighbourhood U C U1 N...NU, such that the system {(o1)|,, .-, (07) v, } 15 a local frame
in B over U.

(iii) Let {o1,...,0.} be a local r-frame over a neighbourhood U of xz, then there exists local
sections i1, ...,0x over V.C U such that the system {(o1)v, ..., (04)|v; Ort1,s oy Ok} 48
a local frame over V.

1.1.4 The vertical subbundle

Theorem 2 implies that every vector bundle is ‘included’ in a trivial bundle. Further, many
examples of vector bundles arise as ‘included’ in a ‘bigger’ vector bundle. The following
definition makes it precise.

1.1. Vector bundle theory 15
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Definition 8. Let (E, 7, M) be a vector bundle. A wvector subbundle of E is a vector bundle
F with the same base such that each fiber F, is a linear subspace of E, and for which the
inclusion i : F' — FE of total spaces is smooth.

In this section we will see that to each vector bundle corresponds a vector subbundle of
the tangent bundle to the total space, namely the vertical subbundle defined as follows. For
each e € E with 7(e) = z, the fiber F, is a closed submanifold of E. Denote by i, : B, — E
the embedding of E, into E, and consider the subspace V., := Im(d.i,) of T.E called the
vertical subspace. Tt is not hard to see that V. = ker(d.m). The vertical subspaces combine

nto
v=|]v.

ecE

Consider the restriction of the natural projection ng : TE — FE of the tangent bundle
TFE to the set V which is also denoted by 7mg. Then (V,7g, E) is a vector subbundle of TE
(cf. [65]).

The elements of a vertical subspace are said to be wvertical vectors. Accordingly, a vector
field that lies completely in V is said to be a wvertical vector field. Moreover, a curve in E is
said to be wertical if it lies completely in one of the fibers of F, hence a vector is vertical if
and only if it is tangent to a vertical curve. For x € M and e,u € 7~ 1(x), set veu(t) = e +tu
with t € (—¢,€). Then 7., (t) € 7~ 1(x), for any |t| < ¢, that is vy, is a vertical curve. Hence
the wvertical lift of u at e is the vertical vector given by uy = ¥, ,(0). Using vertical lifts of
elements of E to vertical vectors, sections of F can be lifted. Indeed, if ¢ is a section of F,
consider the vertical vector field ¥ defined by

o’(e) = a(m(e))e,

where o(7(e))? is the vertical lift of o(m(e)) at e. For a section o of E, the vertical vector
field oV is called the vertical lift of o. The wvertical lifts of sections are vertical vector fields.

1.1.5 Operations on vector bundles

Almost all the operations on vector spaces are carried to vector bundles in a natural way. In
this section, we review such generalizations which allows one to construct many new examples
of vector bundles from old ones.

A direct approach
The dual vector bundle: let (E, 7, M) be a vector bundle with standard fiber V. Consider

the set
E = | | E;,
reM

and the map 7* : E* — M such that 7*(a) = z for all a € E¥, where EZ is the dual vector
space of E,. For a vector bundle chart (U, %) of E, set

) THO) UKV with @ (,0) = (@ a0 g,

where V* stands for the dual of V. Clearly any two vector bundle charts with overlapping
domains are compatible. Hence, a vector bundle atlas on E induces a vector bundle atlas on
E* for which (E*,7*, M) is a vector bundle with standard fiber V*| it is called the dual vector
bundle of E.

Further, let {o;} be a local frame of F over an open subset U C M. For every i, let
o'+ M — E* the map defined as follows: {o%(x)} is the dual basis to {o;(x)}. Using the
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local trivializations described above, one checks that the maps o' are in fact smooth local
sections of E*, which give a local frame of E* called the dual frame of {o;}.

The pointwise evaluation mappings on fibers, that is the mappings F,; x E; — R such
that (v, @) = a(v), combine to a natural pairing on local sections

(.,.):T'(Ey) xI'(Ef;) — C®(U,R) with (0,s) — (s,0) = s(0).

The direct sum: let (Ey, 71, M) and (E2, w2, M) be two vector bundles with standard fibers
V1 and V3, respectively. For each point x € M the vector space F , @ Es ; denotes the direct
sum of the two vector spaces E , and Es ., those spaces combine to a set

El @ E2 = |_| El,m @ EQ,zy
zeM

and consider the map 7% : Ey ® Ey — M with 7% (v) = «, for v € Ey ;, ® Es,. For local
trivializations (U, ¢) and (U, ) of E; and FEj, respectively. Define the map

X () THU) — U x (i@ V),

by
x(z, (v1,v2)) = (2, (91, , (V1) V|m, , (v2)),

for all (x, (v1,v2)) € E. It is not hard to see the compatibility between those induced charts.
Hence they define a smooth structure on Ey® Es for which (E1® Ey, @, M) is a vector bundle
with standard fiber V4 @ V5 and rank k = ki + ko where k; is the rank of E;, for i = 1,2. The
vector bundle Fy @ Es is called the direct sum (or the Whitney sum) of Fy and Es.

If o1 and o9 are smooth sections of E; and FEs, respectively. Then, consider the map
01® 09 : M — E defined by (01 &5 02)(x) = o1(x) @ og(x), for all x € M. The map o1 @ o9
is a smooth section of £y @ Ey. Furthermore, given local frames {o;} and {p;} of Ey and E»
over the same open subset of M, respectively, then {o; & p;}; ; is a local frame of E; & Ej.
The tensor product: let (Ey,m, M) and (Es, w2, M) be two vector bundles with standard
fibers Vi and V3, respectively. For each point € M, the vector space E, ® Fs, denotes
the tensor product of the two vector spaces, which yield the set

Ei ® Ey = |_| El,z & EQ,:Ea
zeM

and define the map 7® : E1 ® B2 — M by 7%(v1 ® v2) = z, for all v1 ® vy € Ey 4 ® Fa .
Now, let (U, ¢) and (V, ) are local trivializations of Eq and Es, respectively, the map

x: (%) THU) — Ux (Vie )

defined by
X(@, (11 ® v2)) = (2, (¢1E, , (V1) @ Y|, , (v2))),

for all z € M and (vi ®v2) € Ey » ® Ea 4. Clearly the compatibility between two charts of the
above type follows from the compatibility of the charts of E; and E5. Consequently F1 ® Fo
is endowed with a smooth structure for which the triple (E; ® Eo, 7®, M) is a vector bundle
with standard fiber Vi ® V5 and rank kiks where k; is the rank of E;, for ¢t = 1, 2.

For sections 01 and o9 of E1 and Es, respectively, consider the map o1 ®0s : M — E1QFEs
defined by (01 ® 02)(z) = 01(x) ® o2(z). The smoothness of o1 ® o follows from that of oy,
i = 1,2, and 01 ® o2 becomes a smooth section of E1 ® Ey. Furthermore, if {o;} and {p;}
are local frames of £ and E» on the same open set, respectively, then {o; ® p;}i; is a local
frame of B ® Es.

1.1. Vector bundle theory 17



CHAPTER 1. PRELIMINARIES

A functorial approach to vector bundle operations

For two vector spaces V and W, we denote by Hom(V, W) the vector space of linear maps
from V to W, and for each vector space V', the map Idy denotes the identity mapping of V.

Let C be the category of real finite dimensional vector spaces together with linear maps
as morphisms. We shall restrict ourselves to a particular kind of functors, namely smooth
functors. For basic definitions of categories and functors see Appendix A.

Definition 9. A covariant smooth functor F of one variable is a map F : C — C such that:
(i) for each V € Ob(C), F(V) € Ob(C),

(ii) for all V,W € Ob(C) and h € Hom(V, W), F(h) € Hom(F(V),F(W)). Furthermore,
this correspondence is smooth and satisfies the following:

(a) F(Idy) = Idz(yy, for all V € Ob(C);

(b) F(fog) = F(f)oF(g), forall f e Hom(V,W), g € Hom(W,Z) and V,W,Z €
0b(C).

Examples 3. There is a lot of examples of smooth covariant functors:

1. For each V' € Ob(C), assign the direct sum V & ...V of k copies of V, and for each
f € Hom(V,W) assign the map defined by

fO. .Ofui®...dv) = f(v1)D...D f(vg).
This yields a smooth covariant functor called the direct sum functor.

2. For each V € Ob(C), assign V ®...® V the tensor product of k copies of V| and to each
f € Hom(V,W) assign the map defined as

f X ... ® f(vla "'avk‘) = f(vl) ®...® f(vk‘)
Hence, we obtain a smooth covariant functor called the tensor product functor .

3. For each V' € Ob(C) assign the exterior algebra A(V), and for each f € Hom(V, W)
assign the map defined by

AN @LA - Aog) = For) A A f(og).
This yields a smooth covariant functor called the ezterior algebra functor .

Definition 10. A contravariant smooth functor F of one variable is a map F : C — C such
that:

(i) for each V € Ob(C), F(V) € Ob(C),
(ii) for all VW € Ob(C) and h € Hom(V,W), F(h) € Hom(F(W),F(V)). Furthermore,

this correspondence is smooth and satisfies the following:
(a) F(Idy) = Id gy, for all V € Ob(C);
(b) F(fog) = F(g)oF(f), for all f € Hom(V,W), g € Hom(W,Z) and V,W, Z €
0b(C).

Examples 4. The basic example of smooth contravariant functor is the duality functor. More
precisely, let V € Ob(C) and let V* be the dual of V. For each f € Hom(V,W), assign the
transpose map f* € Hom(W™*, V*).
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There is a third kind of smooth functors, namely mixed smooth functors of more than one
variable, that is smooth functors which are covariant in some arguments and contravariant in
others. Their definition is straightforward and comes in a natural way. It can be easily verified
that (V,W) — V*@ W and (f,g9) — f*®g, for all VW € Ob(C) and f,g € Hom(V, W),
is a functor of this type. Another example is the functor Hom(.,.) itself, which is naturally
isomorphic to V* ® W by the universal property of the tensor product.

Proposition 4. (see [65]) Let F be a smooth functor of k variables on C and let (E;, m;, M),
fori=1,.. k, be k vector bundles with standard fibers V;, then

F(BEy, o By) = | | F(Bras o Brg),
zeM

is naturally a vector bundle over M with standard fiber F(V1, ..., Vi).
Examples 5. Let F be one of the following functors:

1. The duality functor,

2. The tensor product functor,

3. The direct sum functor,

4. The functor Hom(.,.),

5. The exterior algebra functor;

Given a vector bundle (E, 7, M), proposition 4 gives a vector bundle structure on F(E). This
way we recover all the operations on vector bundles described in the previous section.

It is worth mentioning that we may use the reconstruction process combined with this
functorial approach in order to achieve the previous constructions. Indeed, as before let
(E,m, M) be a vector bundle and {(Uyn,%a)} is a vector bundle atlas for F with (1ag)a,3
is its cocycle of transition functions. Let F be a covariant smooth functor on the category
of finite dimensional spaces, then consider F(¢a5) : Uy N Ug — GL(F(V)) defined by
F(Wap)(x) = F(Yap(x)) for all z € Uy NUg. Tt is clear that (F(vagp)), 5 satisfies the cocycle
condition given in (1.1.1) and the functor F respects the cohomolog}; of cocycles, so there
exist a unique vector bundle (F(E) = VB(F(¥ag),p, M), where p is the natural projection.

If we consider a contravariant smooth functor, then the construction remains the same
provided that we take }'(w;g) instead of F(1ap). In the case of mixed smooth functors we
mix those cocycles in a natural manner.

Hence all the operations on vector bundles may be constructed through the use of functors,
cocycles of transition functions and the reconstruction process.

The induced vector bundle

Let (E,m, M) be a vector bundle with rank k& and standard fiber V and let ¢ : N — M be
a map from some manifold N. Set

(1.1.3) ©'E ={(z,v) € N X E: ¢(x)=mn(v)}.

Consider the map p; : p*E — N with pi(x,v) = z, for (z,v) € p*E, that is p; is the
projection on the first factor. Thus p; ! (z) = {z} x Ey(y), for all z € N.

Proposition 5. Let (E, 7, M) be a vector bundle with standard fiber V, and let N be a
manifold and ¢ : N — M be a map, then
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(i) The triple (p*E,p1, N) is a vector bundle with standard fiber V,

(i) The wvector bundle ¢*E is isomorphic to E wvia the projection on the second factor of
¢*E,

(iii) Every local section o : U — E induces a local section of ¢*E defined by

(¥ o)(x) = (2,0(p(2))),
for all z € p=1(U).

Definition 11. The vector bundle (¢*E,p;, M) is called the induced vector bundle or the
pullback of E by . Further, for a section o € I'(E), the section ¢*o is called the pullback
section of o by .

Remark 4. Let (E, 7, M) be a vector bundle and let ¢ : N — M be a map, then the tangent
bundle to the pullback bundle ¢*E is given by

T(p*E) ={(u,v) € TN xTE : p,u=m}.
Examples 6.

(i) Let M be a manifold and T'M be its tangent bundle. If ¢ : I — M is a smooth curve
in M, then the pullback ¢*T'M is just the set of tangent vectors to ¢ and its sections
are vector fields along the curve c.

(i) Let £ — S! be the Mébius strip over S! given as the quotient of R? ~ C by the
equivalence relation defined by: (s1,t1) ~ (s2,t2) if and only if there exists | € Z such
that sy = s1 + 27l and ty = (—1)';. Realize S' as a circle in C and let ¢, : S — S?
be the n-fold covering map, that is the map defined by ¢, (z) = 2, for all z € S*. Since
@* F is also a line bundle over S*, we get

o E if nis odd,
P T S1 xR ifnis even.

For more details, we refer to [65].

(iii) If N is a manifold and (M, ¢) is a submanifold, then ¢*T'N is isomorphic to the tangent
bundle to N.

Proposition 6. Let (E, 7, M) be a vector bundle and let ¢ : N — M be a map. Then
the vector bundles Vo*E and p5VE are isomorphic, where VE and Vo*E are the vertical
subbundles of E and ¢*E, respectively.

Using vertical lifts of elements of E to vertical vectors, the vertical bundle can be seen as
a pullback. More precisely, we have:

Proposition 7. If (E,m, M) is a vector bundle, then the vertical subbundle VE is isomorphic
to the pullback ™ FE of E by its projection w : E — M. Further, m*E is isomorphic to the
direct sum E @ E.

Those isomorphisms are essential tools, they will be used throughout this thesis. They
allow one to identify vertical vectors with elements of the considered vector bundle which
will be a crucial step in the definition of Riemannian metrics on vector bundles using inner
products on fibers and Riemannian metrics on the base manifold. The structure that gives to
a vector bundle inner products on fibers which vary smoothly with base points is the object
of the next subsection.
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1.1.6 Riemannian vector bundles

The fibers of a vector bundle possess a linear structure, hence it is possible to have additional
structures on fibers e.g. inner products, complex structures or symplectic structures. In what
follows we shall be interested in vector bundles with inner products on fibers which vary
smoothly with the base points. Such vector bundles are called Riemannian vector bundles
(or Euclidean vector bundles). This subsection is devoted to recall the classical theory of
Riemannian vector bundles as well as an explicit construction of a fiber metric on a class of
vector bundles with an additional structure.

Definition 12. A Riemannian fiber metric (or simply a fiber metric) on a vector bundle is a
section of the vector bundle (E' ® E)* such that for all x € M, h, is an inner product on E,.
A vector bundle endowed with a Riemannian fiber metric is said to be a Riemannian vector

bundle.

An equivalent definition is that a fiber metric on a vector bundle F is the assignment to
each point x € M of an inner product h, in a differentiable manner in the following sense:
for local sections o, p € I'(Ey), the function U 3 x —— hg(o(x), p(x)) is a smooth function
on U.

Proposition 8. (see [42, 65]) Every vector bundle E has a fiber metric.

Given a vector bundle (E,m, M) with standard fiber R", the existence of a fiber metric
on a vector bundle F is equivalent to the existence of a reduction of the structure group from
GL(n,R) to the orthogonal group O(n).

Remark 5.

(i) Proposition 8 works when the base is paracompact (cf. [42]), but since we required
manifolds to be Hausdorff and second countable, paracompactness follows.

(ii) The C°°(M)-module structure on the space of sections of E plays a decisive role in the
proof of Proposition 8, see [65] for details.

1.2 Connections on vector bundles

Given a smooth manifold M, a smooth function f on M may be differentiated in a natural
way. The differentiation of smooth functions does need no additional structure other than the
smooth structure of the manifold itself. When one tries to track ‘variations’ of other geometric
objects, vector fields for example, there is no canonical way to do it and the introduction of
an additional structure is in order.

A natural approach consist in generalizing the already known notion of derivative. For
example, for a vector field X on M, one would like to define a derivative VX (x¢) by taking
the value of X along a curve starting at xg at a given time t and then take the ‘difference’,
then divide by t and take the limit at ¢ = 0, by analogy with classical derivatives. But the
difference does not make sense since the vectors X,y and X, belongs to different vector
spaces. One way to overcome this difficulty is to add a structure that allow a ‘displacement’
of vectors in a ‘preferred way’ so as to bring them to the same vector space in order to take
the desired difference. This gives birth to the so-called connections or parallel displacements
which are tools serving mainly to ‘connect’ fibers. What was said for manifolds and tangent
vector fields holds for vector bundles and their sections.

Since vector bundles and principal bundles are closely linked to each other, more precisely
each vector bundle arise as an associated bundle to its principal bundle of frames, connec-
tions arise as a particular manifestation of much deeper and more general structures, namely
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Ehersmann connections on principal bundles. For the link between those notions, we refer
the reader to the Appendix D.

This section serves as a precise and concise account of the theory of connections on vector
bundles. Much of the material given here can be found in classical treatises on the subject(e.g.
[35,42,65]). Though there are many ways to present connection theory on vector bundles, we
choose the direct one. We define connections on vector bundles as covariant derivatives, then
we derive parallel displacement and we link this definition to the more general one in the case
of fiber bundles in the large. For an exposition of connections as covariant derivatives, we
refer the reader to [39].

1.2.1 Generalities

Let (E,m, M) be a vector bundle. Recall that I'(E) denotes the space of smooth sections. It
is a real vector space and a C°°(M)-module.

Definition 13. A connection (or a covariant deriwative) on E is a map
D:X(M)xI'(E) —TI'(F), (X,0)— Dxo
satisfying the following;:
(i) Dx4yo = Dxo + Dyo,

(ii) Dyxo = fDxo,

(ii) Dx(oc +9) = Dxo + Dxd,

(iv) Dx(fo) = (Xf)o+ fDxo,
for all X,Y € X(M) and 0,0 € I'(E).
Examples 7.

1. Let (E = M x R¥ 7, M) be the trivial bundle. Sections of E are identified with R*-
valued functions. For a function f: M — R¥ and X € X(M), the map Dx f := X(f)
is a connection on the trivial bundle, it is called the trivial connection.

2. Let (M, g) be a Riemannian manifold. Then the Levi-Civita connection is a connection
on the tangent bundle TM to M.

3. Let (K, 7, M) be a vector bundle and U C M be an open set. Ejy = 7 1(U) is the
restriction of £ to U. If D is a connection on £, then D induces a connection on Ejg.

Let ¢ : N — M be a map and ¢*FE be the pullbcak of the vector bundle E. If o is a
section of F, then ¢*c = 0 o @ is a section of p*FE. Further, if D is a connection in E, then
D induces the map ¢*D : X(N) x I'(¢p*E) — I'(¢*E) defined by

(¢"D)x¢ o = ¢"(Dp.x0)
for all X € X(N) and 0 € T'(E).

Proposition 9. The map ¢*D is a connection on ©*FE called the pullback connection on
oy

Theorem 5. Every vector bundle admits a connection.
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It is clear from (iv) of Definition 13 that connections does not behave like tensors. Nev-
ertheless, for a connection D on E and a vector field X € X(M), the operator Dx is ‘local’
in the sense of the following:

Proposition 10. Let X be a vector field on M. Then, for each section o € I'(E), the value
of Dxo at a point p € M depends only on the values of o in a open neighbourhood of p.

A connection D on E satisfies a ‘tensoriality’ in X, hence the value of Dxo at a point
p € M, for a fixed section o, depends on the value of X at p only. Indeed, this result stems
from a more general fact on C°°(M )-linear maps between spaces of sections of vector bundles.

Proposition 11. Let E and F be two vector bundles over the same base M and let
U:T(FE) —T(F)

be a C°°(M)-linear map. Then there exists a unique vector bundle morphism ® : E — F
such that V(o) = ® oo, for all 0 € T'(E).

Remark 6. Tt is worth mentioning that the space of sections of E is a finitely generated pro-
jective C*°(M)-module (cf. [78]). The last proposition establishes a link between morphisms
of C°°(M)-modules and vector bundle morphisms covering the identity map of the base. This
correspondence is one-to-one. In this sense, the structure of a vector bundle is totally encoded
in its module of smooth sections.

Corollary 2. Let D be a connection on E, and let o be a section of E and p € M. Then,
for vector fields X,Y € X(M) such that X, =Y, we have (Dxo)(p) = (Dyo)(p).

To sum up, given a connection D on F, a section o of E and a vector field X on M. Then
the value of Dxo at a point p € M depends only on the value X, and the values of o in a
neighbourhood of p.

Definition 14. Let D be a connection on E. A section of F is said to be parallel if Dxo = 0,
for all X € X(M).

More examples of connections can be constructed using the operations on vector bun-
dles seen in Section 1. Indeed, to each operation, it corresponds canonically a connection
constructed from the given connections.

Proposition 12. Let (E,m, M) and (F,mwa, M) be two vector bundles. Assume that E and
F are endowed with connections D¥ and DY | respectively. Then the maps defined by

1.
(DF) & = X£(0) = €(Do0),
forallo e T'(E), £ € T'(E*) and X € X(M),

(D © D) (0 ®8) = (Do) @ (DX9),
forallo e T(E), 0 e T'(F) and X € X(M),

(DF @ D) (0 ®6) = Do ® 6+ o ® DX,
forallo e T'(E), 6 € I'(F) and X € X(M);
are connections on the vector bundle E*, E® F and E ® F, respectively.
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Proposition 13. Given two connections D' and D? on a vector bundle E, for smooth func-
tions p1, p2 € C°(M) such that p1 + p2 = 1, the map given by

D = pD" + pyD?,
1s also a connection on E.

Locally, a connection D may be represented by matrices. Indeed, given {e, : p=1,...,k}
a local frame of F over an open set U C M, for every X € X(M) and for each p = 1, ..., k,
one has

k
(1.2.1) Dxep = wi(X)eg,
p=1

where each wj € Q1(U). Thus a connection may be represented locally by a matrix w = (wi)p.4
with entries in QY(U). Such a matrix is called a connection matriz.

Restricting to a smaller open set U if necessary, let (U, x!,...,2") be a coordinate neigh-
bourhood. Taking X = 8?02-, we get wi( a?ci) = F?p the Christoffel symbols of the connection
D which are functions on U. The Christoffel symbols (ng) may be defined directly as the
components of D% ep, that is

— q
D s e, = E L'€qs
oz q

fori=1,....,nand p=1,... k.

Given a matrix f with entries in C°°(M), denote by df the matrix for which every entry
is the differential of the corresponding entry of f. The following proposition gives how the
connection matrix changes under a change of frames.

Proposition 14. Let D be a connection on E, and let {e,} and {e,} be two local frames of
E on U and U’, respectively, with UNU’ # (). Denote by w and W' the connection matrices in
those frames, respectively. Take f = (fy)p,q to be the matriz where the entries are defined by

r_ q
%—preqv
q

or all p,q=1,....,k. Then the connection matrices on U NU' are related b
Y

W' = fdf + flw.f

A more geometric vision of connections is given by parallel displacement or parallel trans-
port. To define parallel transport along curves in M, we need first to deepen our understanding
of connections. Though the value of Dxo at p depends only on the value of X at p and the
values of ¢ in a neighbourhood of p, one can prove more. In fact the value of Dxo at p
depends on the value of X at p and the values of o along a curve v such that v(0) = p and
7(0) = X,. Indeed, let v be such a curve and o be a section such that o(y(¢)) = 0 near t = 0.
Locally the section o splits as

o= Z frek,
k

where {e)} is a local frame of E around p and (wf) is the connection matrix with respect to
it. Then

Dxo =Y dfpe(X)er + > frwp(X)e,
k

Kl
which clearly vanishes at points such that fi(y(¢)) = 0, for each ¢ near 0.
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Thus the covariant derivative D gives a way to differentiate sections along curves. If
oc€I'(E)and v: I — M is a curve in M, set o(t) = o o(t), for all t € I, which gives a
section of E along v. If {e,} is a local frame of E and {2’} is a local coordinate system, then
locally we have o(t) = >_, ap(t)ep(y(t)).

Furthermore, let V(t) = 4(t) = 4~(t) = 3,4 (t) 2. then

122)  (Dva)(t) = Y (@be () + Y (3 (DapOT, () (1(8)),
iq

p

where (I'},) are the Christoffel symbols with respect to the chosen local frame.

The Equation (1.2.2) gives an ODE in the components a,’s. Therefore, for given initial
conditions, equation (1.2.2) has local solutions. Such a solution is called a parallel curve in
E.

Definition 15. Given a curve v : I — M and let t1,t3 € I. Then parallel transport along ~
(with respect to D) from time ¢ to time ¢5 is the map

P2 By — Eyua),

which associates to each u € E, ;) the element v*(t2) € E,,), where 7" is the unique parallel
curve above « with the initial condition v*(¢;) = w.

Proposition 15. For each curve v : I — M and for all t1,15,t3 € I, the parallel transport
along v satisfies the following properties:

tit , : :

1. P3" is a linear isomorphism,
t1,t2 t2,t3 _ mpli,t3

2. Ptz o P2t — pluts,

Conversely, the connection D may be recovered from the parallel transport. Indeed, for a
section o € I'(E) and a vector X € T, M, we have

L PE%o(y(1) — o(p)
Dxo = lim t ’

where v : I — M is a curve such that 0 € I, 7(0) = p and 4(0) = X. It is important to
remark that this does not depend on the choice of the curve as long as ¥(0) = X (cf. [39,42,59]
for details).

1.2.2 More on connections

Connections on vector bundles are particular cases of the general notion of Ehersmann connec-
tions on fiber bundles. Further, connections on vector bundles may be studied in the frame-
work of induced connections from Ehersmann connections on principal fiber bundles. For
details on those topics and relationships with Ehersmann connections, we refer to Appendix
D. For now we give just an equivalent definition of connections as a horizontal distribution
and how it is linked to the covariant derivative and parallel transport.

The terminology ‘connection’ comes from the fact that this structure connects fibers
through parallel transport. Indeed, for each e € FE, there is a distinguished subspace of
the tangent space T, FE, namely the tangent space at e to the fiber through e, that is the
vertical subspace V. at e. Nevertheless, there is no privileged complementary subspace to V,
unless a connection is given. Indeed, given a connection D on F and e € E. Along each curve
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~v: 1 — M with v(0) = p and ¥(0) = X, let o be a parallel section along . The subspace
of T, F spanned by elements of the form

4 5
dt |t=0

(v(2)),

is called the horizontal subspace and it is complementary to V.

This suggest the following equivalent definition of connections which is nothing but the
definition of an Ehresmann connection on a fiber bundle in the large with a slight modification
to suit the linear structure on fibers, which suggest the terminology: linear connection.

Recall that at each e € E, the vertical subspace V, is the tangent space T.7 (7 (e)) which
coincides with the subspace ker(d.m). For each A € R, there is a natural multiplication

my: E— E, my(e) = de,
which is a vector bundle morphism.

Definition 16. A (linear) connection on E is a smooth distribution H on the total space F
such that TE = H ®V and for each A € R and e € E/ we have

Hre = (m)\)*He-

Given a connection as a horizontal distribution, one can define amap K : TFE — FE which
induces a linear map on fibers K, : T.E — Er(.y and satisfying K¢(ug) = u for all u € Er ().
The map K is called the connection map (or the connector) (cf. [23,35,53]). Conversely, a
map K satisfying the previous requirements, by setting H = ker(K), gives rise to a horizontal
distribution. Thus, it is not hard to see the equivalence between giving a connection and a
connection map as defined above. In fact it may be taken as an equivalent definition. For
details on this approach see [35,53].

Covariant derivatives (or connections) allow one to define the horizontal distribution
through parallel transport.

Proposition 16. Let D be a covariant derivative on E, then, for each p € M and e € I,
there is a unique injection

Hor. : T,M — T.E
such that Hore(7y(0)) = %‘tZOPQ’t(e) for all paths with v(0) = p, where IP’g’t is the parallel
transport along y. Moreover the image of Hore(T,M) is complementary to V.

Since the parallel transport is linear, a covariant derivative gives a horizontal distribution
that satisfies the requirements of definition 16. For a more general link between covariant
derivatives and connections in the large we refer the reader to Appendix D.

1.2.3 Curvature

The Levi-Civita connection on a Riemannian manifold has an associated tensor field of type
(1,3) which measures the flatness of the Riemannian manifold, that is the failure of being
locally isometric to the Euclidean space. Analogously, a connection on a vector bundle has
an associated curvature tensor which measures its ‘flatness’.

As exterior differential calculus plays a central role in differential geometry and global
analysis, it is important to relate connections, if possible, to those objects. Given a vector
bundle, one can generalize the notion of differential forms to vector valued differential forms
defined as follows.
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Definition 17. A differential E-valued form of degree r (or E-valued r-form) on M is a
section of the bundle A" T*M ® E. The set of those forms is denoted by Q" (M; E)

Since A" T*M ® FE is a vector bundle, the set Q" (M; E) is a vector space and a C*°(M)-
module. It is clear that Q" (M, M x R) = Q"(M). Analogously, an E-valued r-form w may
be seen as an r-linear skew symmetric map

w: X(M) % ... x X(M) — T(E).

Now, given a connection D on E, we consider the map R : X(M)xX(M)xI'(E) — I'(E)
defined by

(1.2.3) R(X,Y)o = DxDyo — DyDxo — Dix.y|0,
for all XY € X(M) and o0 € T'(E).

Proposition 17. The map R is C°°(M)-linear in each of its arguments and skew-symmetric
in X and Y, hence it defines an element R € Q*(M; End(E)) called the curvature tensor of
D, where End(E) = Hom(E, E).

Let (E,m, M) and (F, 72, M) be two vector bundles, and let D and D’ be connections
on E and F, respectively. Denote by RF and RY their respective curvature tensors. In

the same fashion, denote by R”", RF®F and RF®F the curvature tensors of the connections
(DEY*, D¥ @ D¥ and D¥ ® D¥, respectively. Then:

Proposition 18. For X,Y € X(M), we have:
(i) R¥(X,Y) = RE(X,Y)*,
(i) RE®F(X,Y)=RF¥(X,Y)® RF(X,Y)
(i) RE®F(X,Y) =1Idg ® RF(X,Y) + R¥(X,Y)® Idp.
For the pullback of a connection, we have:

Proposition 19. Given a connection D on E with curvature tensor RE, then for all X,Y €
X(M) and 0 € T'(E), we have

RZP(XY)(g0) = ¢* (RP(X.Y)o),
where R?"F is the curvature of the pullback connection ¢*D by a map .

The curvature of a connection on a vector bundle may be interpreted geometrically in a
multitude of ways. For instance, curvature may be interpreted as the failure of a hodge-like
operator to be a ‘differential’ in the sense of homological algebra.

On smooth manifold, the differentiation of exterior differential forms arise naturally from
the smooth structure of the manifold. Furthermore, the differential d of forms satisfies the
equation d? = 0, that is d is a ’differential’ in the sense of homological algebra, which gives
the De Rham cohomology, a necessary tool for geometry and analysis on smooth manifolds.

A connection D on a vector bundle E allows one to define an exterior differentiation of
forms with values in the given vector bundle and hence gives rise to a general theory of exterior
differential forms in such a way that, tacking the trivial line bundle M x R, we recover the
classical theory of differential forms.

For a form w € Q"(M; E) and vector fields X1, ..., X;+1 € X(M), set

r+1

dp(X1,.... Xpp1) = > _(~DF(Dx,w)(Xo, s Xpy ooy Xpp1),
k=1
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where the ‘hat’ over a vector means that it is deleted, and (Dx, w) is the covariant deriva-
tive of w defined by

(Dxw)(X1, ... Xp) = Dx (w(X1, ..., Xp)) = Y w(X1, o0, Dx X, oo Xp).
J
The wedge product is also generalized to this setting. Let K € Q"(M;End(FE)), where
End(E) is bundle of endomorphisms of F, and let n € Q!(M; E), then define

(K An)(X1y e Xogg) = ZSigH(Oé)K(Xau), s X)) (M X a1y s Xa(rt)) s

for all X,..., X, 4; € X(M). Hence we have:

Proposition 20. The map d2, = dp odp : Q*(M; E) — Q*TY(M; E) is given by
dh(n) = R A1,

where R is the curvature of D.

As matter of fact, the curvature R is an obstruction for dp to be a differential. This
shades more light on the classical case, for the equation d?> = 0 is just a manifestation of the
flatness of the trivial connection on the trivial line bundle M x R — M.

Remark 7. As in the case of the curvature of the Levi-Civita connection on a Riemannian
manifold, curvature may also be interpreted as the failure of the mixed second covariant
derivatives on two parameter families of curves [48].

1.2.4 Metric connections

Now assume that the vector bundle F is endowed with a fiber metric, that is E is a Riemannian
vector bundle. It is important to have connections that preserves this additional structure.
For the rest of this subsection we assume that F is endowed with a fiber metric h.

Definition 18. A connection D on E is said to be metric if it satisfies the following
X.h(0,0) = h(Dx0o,0) + h(o, Dx9),
for all X € X(M) and 0,0 € I'(E).

A metric connection on (E, h) is also said to be compatible with h. Since a fiber metric
can be defined as a section of the vector bundle £* ® E*, compatibility is equivalent to h
being parallel with respect to the connection D¥” ® DF" induced from D.

Proposition 21. (see [65]) Every Riemannian vector bundle admits a metric connection.

Taking 0,6 : I — FE two parallel sections along a curve v : I — M, compatibility

implies that
d
— h(o(t),6(t)) = 0.
CORORT

Compatibility may also be interpreted as follows.

Proposition 22. The parallel transport induced by a metric connection on a vector bundle
preserves inner product on fibers, that is parallel transports are isometries.

Remark 8. Fiber metrics induce on vector bundles, constructed naturally from other vector
bundles, fiber metrics. Furthermore, compatibility with the ‘natural’ connections given in
Proposition 12 is also inherited when the initial vector bundles possess metric connections.
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Compatibility between the metric and the connection induces a symmetry of the curvature
tensor.

Proposition 23. Let D be a metric connection on a Riemannian vector bundle (E,h). The
curvature tensor R satisfies the identity

hMR(X,Y)o,0) + h(R(X,Y)d, o) =0,
for all XY € X(M) and 0,6 € I'(E).

1.3 Riemannian metrics on vector bundles

This section is devoted to survey the major classes of Riemannian metrics on vector bundle
manifolds existing in literature so far. From now on, (E,m, M) is a vector bundle with
standard fiber R* over a Riemannian manifold (M,g). Assume that E is endowed with a
fiber metric A and a compatible connection D. Denote by K the connection map associated
with the connection D and by V the Levi-Civita connection of (M, g).

1.3.1 The building blocks

We shall prepare the ground for the subsequent definitions. We begin by giving an account
of some vector bundle isomorphisms necessary for an alternative definition of metrics.

As in Section 1, let V be the vertical subbundle, which is naturally isomorphic to 7™ FE —
E the pullback of (E,7,M) by m: E — M.

The connection D gives a horizontal distribution that is complementary to V. Indeed, at
each e € E, the horizontal subspace H,. = ker (K,) is complementary to the vertical subspace,
that is ToE = He @ V.. The horizontal subbundle is given as H = UecpHe. A vector field
is said to be a horizontal vector field if it lies completely in H. The horizontal subbundle is
naturally isomorphic to the vector bundle 7*T'M — FE, the pullback of the tangent bundle
to M by the map m: E — M. Thus, we have

(1.3.1) TE=H®V~71"TM & r*E.

For x € M and X € T, M, the horizontal lift of X at e is the unique horizontal vector
Xh e H, satisfying d.m(X!) = X. Vector fields on M can also be horizontally lifted. Indeed,
if X € X(M), then the horizontal lift of X is the horizontal vector field X" € X(E) such that
X" is the horizontal lift of Xr(@) at e.

A curve in F is said to be horizontal if its tangent vector is a horizontal vector at each
point.

Definition 19. Let v be a curve in M, a horizontal lift of « is a horizontal curve v* in E
such that w(7*(t)) = ~(t) for all ¢.

Horizontal curves are ultimately related to horizontal lifts of vector fields. More precisely,
the integral curves of the horizontal lift X" of a vector field X are the horizontal lifts of
integral curves of X. The following result guarantees the existence of horizontal lifts of curves
in the base. For a detailed proof in the general context of fiber bundles, we refer the reader
to [42].

Proposition 24. Let v : [0,1] — M be a curve starting at x and let e € E a point in E

such that 7(e) = x, then there exists a unique horizontal lift v* of v starting at e.

The splitting (1.3.1) induces a decomposition of vectors. In fact, for all X € T, E, we have
X = X"+ XV where X € H, (resp. XV € V,) is the horizontal (resp. vertical) component
of X; further, this gives rise to a decomposition of vector fields. Indeed, if X € X(F), then
there exist a horizontal vector field X and a vertical vector filed X" such that X = X7+ XV,

1.3. Riemannian metrics on vector bundles 29



CHAPTER 1. PRELIMINARIES

1.3.2 Building on Sasaki: Riemannian metrics on vector bundle manifolds

In this section we review different classes of Riemannian metrics on vector bundle manifolds.
Riemannian geometry of vector bundles was brought into existence when S. Sasaki introduced
his famous metric on the tangent bundle to a Riemannian manifold (cf. [68]). This metric
generalizes to a vector bundle F as follows

(1.3.2) GHX,Y) = Gu(e) (T X, 7Y ) 4 h(o) (Ke X, K Y,

for all XY € T.E and e € E (cf. [23,43]).

In the context of tangent bundles to a Riemannian manifold, it has been proved that the
Sasaki metric is too rigid in the sense that almost every geometric property (e.g. being flat,
being of constant sectional curvature, being an Einstein metric...etc) requires the flatness of
the base and hence of the connection. For more details, the reader is referred to [2,3,44]. In
order to overcome such a rigidity, many generalizations of the Sasaki metric were introduced.
One of those generalizations is the Cheeger-Gromoll metric introduced in the case of tangent
bundles (cf. [2,3,56]). For vector bundles, this metric takes the form

G9(X,Y) = g(dn(X), dn(Y)) + 1;4 (h(KeX, K.Y)
(1.3.3) + (KX, e)h(K.Y, e)),

foree Fand X,Y € T.E, with r = h(e, e).

The Cheeger-Gromoll metric has also showed some rigidity. For example, it is never of
constant scalar curvature, hence it turns to be unpromising of any interesting geometric prop-
erty. So, the Cheeger-Gromoll metric itself was generalized to what is known as generalized
Cheeger-Gromoll metrics and defined as

1

147
(1.3.4) + gh(K. X, e)h(K.Y,e)),

GP(X,Y) = g(dm(X),dn(Y)) + ( )" (h(Ke(X), Ke(Y))

fore € F and X,Y € T.E, with r = h(e, e). Those metrics were called (p, ¢)-metrics (cf. [49]
for more details). For, p = ¢ = 1, one recovers the Cheeger-Gromoll metric G%.

Generalized Cheeger-Gromoll metrics has been studied from many points of view. For
example, in [49], the authors studied harmonic sections when the total space is endowed with
a (p, ¢)-metric. In [19], (p, ¢)-metrics were studied in the context of Euclidean Lie algebroids.
Another instance is the Kaluza-Klein metrics on principal fiber bundles and their associated
vector bundles, studied by C.M. Wood in the context of harmonic sections.

All of those metrics generalize the Sasaki metric, it also stems from their analogous in
the case of tangent bundles. In the following section we shall focus on a particular class of
Riemannian metrics which also generalizes the Sasaki metric and is related, in a multitude of
ways, to the metrics reviewed in this subsection.

1.3.3 Spherically symmetric metrics

R. Albuquerque introduced an important class of Riemannian metrics on vector bundle man-
ifolds (cf. [13]) which is closely related to the previous classes of Riemannian metrics and
inspired by the general form of g-natural metrics on tangent bundles (cf. [2,3,7]).

Based on the decomposition (1.3.1) and using the connection map K, define the metrics

(1.3.5) Ge(X,Y) = 20 g ) (mu(X), m(Y) + 22 (Ke(X), Ke(V)),
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foralle € Fand X,Y € T, E, where 1, @2 are smooth scalar functions on E depending only
on the norm 7 = h(e, e) and smooth at » = 0 on the right as well as all their successive deriva-
tives. Those metrics were called spherically symmetric metrics (we shall use SS-metrics for
short) (cf. [13]).

One may use the pullbacks sketched in the previous section in order to give an alternative
expression of those metrics, more precisely an SS-metric may be expressed as follows

(1.3.6) G = e* 1% g @ P2 1*h,
where @1, @2 are smooth scalar functions on E depending only on the norm r = h(e, e) and

smooth at 7 = 0 on the right as well as all their successive derivatives.

Remark 9. The choice of weight functions is motivated by the long and rich history of g-
natural metrics on tangent bundles, for the classification of such metrics yields metrics with
weight functions depending only on the square of the norm of tangent vectors. For details
on g-natural metrics and their classification, we refer the reader to [2,3,7,45] and for the
motivation of such a choice, we refer to [13].

For the rest of this thesis, we shall always endow the total space FE with a spherically
symmetric metric of the form (1.3.5) (or equivalently (1.3.6)). In the sequel, we will make use
of the following notations:

We recall the expression of the Levi-Civita connection of an SS-metric, but first we fix
the following notations. The vector bundle 7*T'M is endowed with the pullback connection
7V and the vector bundle 7*F is endowed with 7#*D, this gives rise to the connection
D = 7*V & 7*D on the vector bundle TE. The connection D is torsion free but it is not
a metric connection with respect to SS-metrics. Under this considerations, the Levi-Civita
connection was computed in [13| and it is given by:

Proposition 25. (see [13]) Let X and Y be two vector fields on E, then
VxY = DxY 4+ CxY + SxY — %Rf(X, Y),

where

i) D =7*V @®*D, with V is the Levi-Civita connection of (M, g);

it) C(.,.) is the vector valued form given by

OxY = a(@ (XY + € (V)XT) + o1 (X, YH)E 1 ep(XV, YV )¢
+H(E (XY +()xY),
with

a = 2@’1’ cl1 = —2@/162(901_%}2),
b= 2S0/27 C2 = _280/27

for all X, Y € X(E), & being the tautological section of the vertical sub-bundle defined
by £ = e € ™ F and the b’ is taken w.r.t h;

iii) RE(X,Y) =1 RE(X,Y), for all X, Y € X(E);
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w) S(.,.) is the 7T M-valued form defined

B (SXY). 2 = o ((RE(X.2).Y) 5 + (RE(Y. 2). X))

forall X, Y and Z € X(E).

1.3.4 Horizontally conformal submersions
Horizontally conformal maps in the large

Harmonic morphisms between Riemannian manifolds are maps which pullback germs of har-
monic functions to germs of harmonic functions. It was proved, independently, by T. Ishihara
(cf. [37]) and B. Fuglede (cf. [26]) that those maps are harmonic maps which satisfy the ad-
ditional property of being horizontally conformal in a sense that we will make precise later.
Recalling some basic facts about horizontally conformal maps is the aim of this subsection.
For details on those maps the reader is referred to [30] and the references therein.

Generally speaking, let (N,k) and (M,g) be two Riemannian manifolds and let ¢ :
(N,k) — (M,g) be a map, then for any point x € N, set V,(¢) = ker(d,¢), which is
called the wertical subspace at x associated with ¢, and denote by H(¢) = Vi(¢)* its orthog-
onal complement with respect to k;, which is called the horizontal subspace at x associated
with ¢.

Definition 20. Let ¢ : (N, k) — (M, g) be a non-constant smooth map. Consider the sets
Cyp:={r € N: dy¢ =0} and N = N \ Cy, then ¢ is said to be horizontally conformal if
there exists A : N — R™ such that

A(x)zkx(xv Y) = 9o(x) (dx¢(X)v dx(f)(Y)),

for all X,Y € H,(¢) and € N. The function X is then extended to the whole of N by
putting Ac, = 0. The extended function A : N — R* is called the dilation of ¢.

It turns out that the dilation function of a horizontally conformal map is smooth (cf. [30]).
If ¢ : (N, k) — (M, g) is a horizontally conformal submersion (HCS for short), then Cy = 0.
The gradient vector field grad(A\?) can be decomposed, with respect to the decompositions

T M = Hy(¢) @ Vi), as
gmd()\z) = gmdy.[()\z) + gmdy(/\Q).

Definition 21. A non-constant map ¢ : (N, k) — (M, g) is said to be horizontally homo-

thetic if it is horizontally conformal with dilation function A such that grady(A?) = 0 on
N.

It is true that horizontal conformal maps arise naturally from the theory of harmonic mor-
phisms (cf. [26,37]). Nevertheless, horizontally conformal submersions arise also as a natural
generalization of Riemannian submersions. Indeed, a horizontally conformal submersion with
dilation function A = 1 is nothing but a Riemannian submersion. It will become clear that
HCS’s may be studied in exactly the same way used to study Riemannian submersions.

The geometry of Riemannain submersions: a survey

It is classically known that the geometry of an isometric immersion is totally determined by a
single tensor field, namely the second fundamental form. The relation between the geometries
of the manifold and that of the submanifold under consideration is totally encoded in the
Gauss and Codazzi equations.
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In the same spirit, B. O’Neill studied Riemannian submersions. He introduced two fun-
damental tensor fields associated with a Riemannian submersion. Furthermore, he derived
the equations which relate the geometries of the total space and base manifold. This sec-
tion is devoted to survey some of the important and basic facts in the theory of Riemannian
submersions with a special focus on O’Neill’s fundamental tensors.

As before, let (N, k) and (M, g) be two Riemannian manifolds, and let = : (N, k) —
(M,g) be a Riemannian submersion, that is a map of maximal rank which preserves the
length of horizontal vectors (cf. [17,61]). At each point x € N, Hy(m) (resp. Vi(m)) is the
horizontal (resp. vertical) subspace at = associated with 7. We denote by H(.) (resp. V(.))
the horizontal (resp. vertical) part of a vector with respect to the orthogonal decomposition.

Let T be the second fundamental form of all fibres of m which is defined, for arbitrary
vector fields F and F, by

(1.3.7) TpF = HVygVE + VVypHEF.

By dualizing the definition of T', that is reversing H and V in (1.3.7), we have a second tensor
A defined by

(1.3.8) ApF =VVyrHF + HVygVF.

The (1, 2)-tensor fields 7" and A on N are called the fundamental tensors of .
The fundamental tensors of a submersion are introduced for any submersion for which the
total space is endowed with a Riemannian metric, not necessarily for Riemannian submersions.
The fundamental tensor T satisfies the following basic properties which stem from the
definition.

Proposition 26. (see [61]) Let w: (N, k) — M be a submersion and let T be its fundamental
tensors, then

1. Forallz € N and E € T, M, the linear operator T : TyM — T, M 1is skew-symmetric;
2. T is vertical, that is Typ = Tk, for all E € X(M);
8. For vertical vectors V,\W, TyW =TywV;

4. The restriction of T to the vertical distribution Tyxy is exactly the second fundamental
form of the fibres of 7;

5. T =0 if and only if m has totally geodesic fibers;

The fundamental tensor A of a Riemannian submersion satisfies the following properties
which also come from its definition.

Proposition 27. (see [61]) Let w : (N, k) — M be a submersion and let A be its fundamental
tensor, then

1. Forallz € N and E € T, M, the linear operator Ag : T, M — T, M is skew-symmetric,
2. A is horizontal, that is Ayp = Ag, for all E € X(M);
3. For horizontal vectors X,Y, AxY = —Ay X;

4. If m: (N, k) — (M, g) is a Riemannian submersion, then for horizontal vector fields
XY, we have

AxY = %V[X, Y],
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The equations which relate the curvatures of the total space and base, known as the
fundamental equations, rely essentially on the fundamental tensors and their covariant deriva-
tives. In what follows, we shall recall those components of the covariant derivatives of the
fundamental tensors which appear in the fundamental equations.

Lemma 1. (see [61]) Let m : (N, k) — M be a submersion, T and A be the fundamental
tensors of w, then for horizontal vectors X, Y and vertical vectors V,W, we have

Denote by VyW = V(Vy W), for vertical vectors V, W, where V is the Levi-Civita con-
nection of (N, k).

In [61], B. O’Neill gave the fundamental equations of a Riemannian submersion which
we will not recall here but we will recall their generalizations to horizontally conformal sub-
mersions in the following section. For more details on Riemannian submersions and their
fundamental equations, we refer the reader to O’Neill’s papers [61,62].

On the geometry of horizontally conformal submersions

The approach reviewed in the previous subsection applies in a natural way to the case of
horizontally conformal submersions with a slit modification of the fundamental equations.
This generalization to the framework of horizontally conformal submersions is due to S. Gud-
mundsson in his doctoral thesis (cf. [29,30]).

The definition of fundamental tensors as well as their properties are the same since all
what is needed is a Riemannian metric on the total space. The fundamental equations in the
case of a HCS are given in the following:

Theorem 6. (see [30]) Assume n > m > 2 and let (N",k,V,R),(M"™,g,V*, R*) be two
Riemannian manifolds with their Levi-Civita connections and their corresponding curvature
tensors. Let m : (N,k) — (M,g) be a horizontally conformal submersion with dilation
A: N — RV IfX,Y,Z, H are horizontal and U,V,W, F are vertical vectors, then

(1.3.9) k(R(U, V)W, F) = k(RY (U, V)W, F) + k(TyW, Ty F) — k(Ty W, Ty F),
(1.3.10) FRUVIW, X) =k(VoT)y W, X) = k(VvT)uW, X),

k(RU,X)Y,V) = k(VyA)xY,V) + k(AxU, AyV)
(1.3.11) = k(VxT)uY,V) = k(TyY, Ty X)

1
+ )‘2k(AXY7 U):IC(V, gradV(ﬁ))a

k(R(X,Y)Z,U) = k(Vx Ay Z,U) — k((VyA)xZ,U)

(1.3.12) — k(TyZ,V[X,Y)),
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KR(X,Y)Z, H) = —k(r*R*(X,Y)Z, H)

3
+ f(k(V[X, Z),VIY, H]) — k(V[Y, Z), VX, H])
+2R(VIX.Y].V(Z, 1) + A; (k(X. Z)K(y grad( )\2> H)

(1.3.13) e )k:(VXgmd()\i) H) + k(Y, H)k(VXgrad()\l2) 2)
— k(X, H)k(Vygrad()\2) )) + Zl(k(x, H)K(Y, Z)

= k(Y, H)k(X, Z))llgrad(5 )II2

FRX ()Y ~Y(5)X, H(55)Z — Z(;)H)).

Using Theorem 6, one can relate the corresponding sectional curvatures, K and K, of
the Riemannian manifolds (N, k) and (M, g), respectively. For X, Y two linearly independent
tangent vectors to IV, Ki(X AY') denotes the sectional curvature of the plane generated by
X and Y. The corresponding notation is used also for K.

Theorem 7. (see [30]) Let n > m > 2 and ®m : (N", k) — (M™,g) be a horizontally
homothetic submersion, with dilation X\ : M — RT. Then, for orthonormal horizontal
vectors X andY , we have

4
Kn(X AY) = X (dr(X) Adr(V) = S IVIX, VI = 2 lgradv( )1

Lemma 2. (see [61]) If X and Y are horizontal, V is vertical and E is an arbitrary vector,
then g(VEA)xY,V) is alternate in X and Y.

Proposition 28. Assume that n > m > 2 and let w: (N™, k) — (M™,g) be a horizontally
homothetic submersion with totally geodesic fibers and dilation X\ : N — RT. Then

1. For orthonormal vertical vectors U,V , we have
K (UAV) =k(RY(UV)V,U).
2. If X is a horizontal vector and V' is a vertical vector such that | X|| = |V = 1, then

KL(X AV) = [|[Ax V|

Proof: 1. is obvious. For 2., let X be a horizontal vector and V' be a vertical vector such
that || X| = ||V|| = 1, then

Ku(X AV) = k(R(V, X)X, V)
=E(VvA)xX, V) +k(AxV,AxV) = k((VxT)y X, V)

1
= (Ty X, Ty X) + NE(Ax X, V)E(V, grady(53))-

T = 0 since 7 has totally geodesic fibers, and g((VyA)x X, V) = 0, by virtue of Lemma 2.
Further, Ax X = 0 since A is skew-symmetric on horizontal vectors. Thus

KL(X AV)=Ek(AxV,AxV) = | Ax V|
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1.3.5 Spherically symmetric metrics again

The aim of this subsection is to prove that, when the total space of a vector bundle with a
Riemannian base is endowed with an SS-metric, the projection is a horizontally homothetic
submersion.

Let G be a spherically symmetric metric on E, with weight functions ¢; and ¢s. The
projection 7 : (E,G) — (M, g) is a submersion.

At each point e € F, the vertical (resp. horizontal) subspace associated to 7 are exactly
the vertical subspace of T.E (resp. the horizontal subspace with respect to the connection
D).

Lemma 3. (see [13]) Let ¢ be a function on E depending only on r = h(e,e), and let X be
a horizontal vector field and V' be a wvertical vector field, then

(i) X.o=0,
(i) V.o =208 (V).

Proposition 29. (see [11]) Let G be an SS-metric on E of the form (1.3.5), then the pro-
jection ™ : (E,G) — (M, g) is a horizontally homothetic submersion with dilation function
A: E — R given by A(e) = e ("), where r = h(e, e).

Proof: Since 7 is a submersion, C; = (), hence E = E\C, = E. Furthermore, V,(7) = V,
and since the horizontal and vertical distributions are orthogonal with respect to G, we have
H.(7) = He = ker(K.). As a matter of fact, for all e € E and Y = X}, Yo = XI € H,, we
have

Gn(e) (dW(Yi)v dﬂ-(YQ)) = 9n(e) (Xla X?)
= e 210G, (7, Ya),

whence 7 is horizontally conformal with dilation function X : e — e~#1(") with r = h(e,e).
Denote by n the dimension of M end let {e;}i1<i<n be a local linear orthonormal frame of
M and {o,} be a local orthonormal frame of E. Denote by
E; = e*mel}-‘ and  Epyp =e o,
fori=1,..,nand p=1,....k. Hence {E;: I =1,...,n+ k} is a local linear orthonormal
frame of E. Since, by virtue of Lemma 3, we have E; A = e ¥lel A = 0, for all i = 1,...,n,
then grady(A) = 0, thus 7 is horizontally homothetic. [

Proposition 29 implies that spherically symmetric metrics could be studied in the realm
of horizontally conformal submersions. In fact, we adopt this approach since it allows one to
overcome the lengthy computations. This approach also allows one to study more effectively
many geometric questions e.g. the completeness problem and geodesics.
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Chapter 2

On the completeness of spherically
symmetric metrics

Motivation

The study of geodesics lies at the heart of Riemannian geometry. On the other hand, complete-
ness is an important geometric property to investigate, since complete Riemannian manifolds
possess many useful geometric features. Concerning the geodesics of spherically symmet-
ric metrics, the author of [13] has derived the equations describing geodesics of vector bundle
manifolds endowed with an SS-metric, but his computational approach leads to a complicated
system of ODE’s which makes very difficult either an analysis or a construction of examples
of geodesics. We shall follow a different approach here, namely that of [62| used to study the
geodesics of Riemannian submersions. Regarding the completeness of spherically symmetric
metrics, R. Albuquerque conjectured that the total space of a vector bundle, when endowed
with an SS-metric, is complete if and only if the base and fibers are complete. In what follows,
we shall refer to this problem as the Completeness Problem (CP).

It is a classical fact of Riemannian geometry that the metric tensor induces a distance on
a Riemannian manifold; further, the Hopf-Rinow theorem establishes the link between the
(geodesic) completeness and completeness as a metric space. To the best of our knowledge,
the study of the completeness of total spaces of vector bundles, and Riemannian submersions
in general, has not been accomplished and only one partial result has been established in the
context of Riemannian submersions. Indeed, R. Hermann proved that if the total space of a
Riemannian submersion is complete then so is the base (cf. [34]). The aim of this chapter is
to present an answer to the CP in some situations, but without assuming the completeness
of fibers. Our main results are based on topological techniques and the Hopf-Rinow theorem,
they rely on a comparison of the geodesic distances of the base manifold and total space.

The projections of vector bundles endowed with spherically symmetric metrics are horizon-
tally conformal submersions (Proposition 29). Further, the projection maps of vector bundles
endowed with the Cheeger-Gromoll metric (cf. [56]), or more generally (p, q)-metrics (cf. [49])
are Riemannian submersions. Moreover, the projection maps of a subclass of g-natural metrics
are also horizontally conformal submersions. For a detailed account of g-natural metrics and
their properties, we refer the reader to [2,3,7,45,55]. So, the CP may be studied in the realm
of this general framework, this approach allows us to apply the results to different classes of
metrics on vector bundle manifolds and in different situations. In particular, the completeness
of tangent bundles to Riemannian manifolds with some g-natural metrics is studied.

For the rest of this chapter we assume that G is a spherically symmetric metric with weight
functions 1 and 9. In this chapter, we will make use of the Einstein summation convention
when we sum over repeated indices.
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2.1 Geodesics

In this section, we aim to find geodesics or at least some of them in this context using
techniques and results from the theory of geodesics of Riemannian submersions established
in [34,57,62]. But first we review Albuquerque’s results on geodesics of spherically symmetric
metrics (cf. [13]).

Let U C M be an open set and let {z'} be a local coordinate system on U, and con-
sider a trivialization of E over U. Consider a local frame {o,} of E induced by the chosen
trivialization. A curve 6 : [ — E (0 € I) be a curve in E, can be written locally as

6= (84 ...,0" yt, . ).

The curve 0 defines a section o = 3”0, along the curve v = 7o d, then along this curve we
have

i
:D E;p
Dio=yop+0 quiq op = 2Poy,

where Ffép are the Christoffel symbols of D and

. i E,
P =y +6 quiyqup = 2P,

Theorem 8. (see [13]) The curve 0 is a geodesic in (E,G) if and only if it satisfies the
following system

ok + 5’5]I’fj + 2a5k:zpyp + 62W2_2¢15izpyTR§,ilglk =
6P + ¢10'67 g yP + 5izqfi’p — bzlydyP + 2b2P29y? = 0.

foralli=1,...n and p=1,.... k, with Rﬁ;il are the components of the curvature of D, Ffj

(resp. Fi’q) are the Christoffel symbols of (M, g) (resp. D), and a,c; and b are the coefficients
given in Proposition 25.

As the reader may agree, the system of ODE’s given in Theorem 8 is not easy to analyse,
so an alternative approach is in order. In the context of Riemannian submersions, B. O’Neill
found the equations describing geodesics of the total space using only the fundamental tensors
discussed earlier. Working with this approach has two advantages: firstly it avoids local
expressions and hence analysis becomes feasible, and secondly it relies only on fundamental
tensors, so using the splitting of vectors into horizontal and vertical components allows one
to exhibit examples of geodesics.

Let (N,k,V¥) and (M,g,V9) be two Riemannian manifolds together with their Levi-
Civita connections, and let 7 : (N, k) — (M, g) be a Riemannian submersion. For a curve «
in N and a vector field X along «, the covariant derivative V’; X is simply denoted X', where
« is the velocity vector field of «. Denote by X, the projection of X via m, which is a vector
field along 7o o and X denotes its covariant derivative along m o . In [62], O’Neill proved
the following:

Theorem 9. Let 7 : (N, k) — (M, g) be a Riemannian submersion, and let X = H +V be
a vector field along a curve o in N, then

(2.1.1) H(X') = Xi+Au(Va) + Ay)V + Ty (V),
(2.1.2) V(X' Ay oy (H) + Ty (H) + V(V');

where A and T are the fundamental tensors of m.
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Taking X = «, the velocity vector field itself, O’Neill gave the equations describing a
geodesic of the total space. For a curve a in N, denote by « the acceleration vector field and
@, the horizontal lift of the acceleration of 7 o «.

Corollary 3. (see [62]) Let « be a curve in N with X = Ha and U = Va, then

(2.1.3) H(a) = ax+24xU +TyU,
(2.1.4) V() = TyX +VU").

Using Theorem 9, O’Neill also gave a proof of the following result which is originally due
to R. Hermann (cf. [34]).

Corollary 4. Let 7 : (N, k) — (M, g) be a Riemannian submersion. If « is a geodesic which
1s horizontal at some point, then it is a horizontal geodesic, and hence wo « is a geodesic in
M.

The proof of Theorem 9, and hence the corollaries, does not use the fact that 7 is a
Riemannian submersion, since only the definitions of the fundamental tensors A and T are
needed. Hence, the same formulas hold when 7 is a horizontally conformal submersion. Of
course the equations, if expanded, will change since A changes.

Now, let 7 : (E,G) — (M, g) be the projection of the vector bundle E' when endowed
with G. We have proved, in Proposition 29, that 7 is a horizontally conformal submersion
with dilation function A = e~ ¥'. Furthermore, m has totally geodesic fibers, hence T' = 0.
Thus Corollary 3 yields the following:

Lemma 4. Let o be a curve in E with X = Ha and U = Va, then

(2.1.5) H(E) =+ 24x(U),
(2.1.6) V@) = vU).

Consequently, one easily proves the following:
Proposition 30. Let o be a horizontal geodesic in E, then mo « is a geodesic.

Proposition 31. Let a be a geodesic in E. If o1 is constant and RE(X,.) = 0, where
X = H(&), then o« is a geodesic in the base M.

Though it is hard to give the general form of geodesics, we exhibit the following families:
horizontal lifts of geodesics in M and geodesics in fibers.

Proposition 32. Let v be a geodesic in M, then the horizontal lift of v, with respect to D,
is a geodesic in E. In particular, if (E,G) is complete, then (M, g) is complete.

Proposition 33. A vertical curve is a geodesic in (E,G) if and only if it is a geodesic in the
fiber that contains it.

Proof: If a is a vertical geodesic with moa = x, then H(&) = 0, and hence « is a geodesic

if and only if V(U’) = 0, which implies that « is a geodesic in m~!(x). The converse follows
from the fact that 7 has totally geodesic fibers. [
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2.2 Completeness of SS-metrics

In virtue of Proposition 29, the projection of a vector bundle endowed with a spherically
symmetric metric is a horizontally conformal submersion with dilation A : E — R such that
Me) = e (") with r = h(e,e). If ¢; = 0, then the projection is a Riemannian submersion.

First, we prove the following comparison result of the geodesic distances of the total space
and base of a horizontally conformal submersion with bounded dilation function.

Lemma 5. ( [11]) Let m : (N, k) — (M, g) be a horizontally conformal submersion with
dilation function \. Assume that M is complete and the square of the dilation function is
bounded from above by b > 0 i.e. A2 < b. Then, for all e1,e3 € N, we have

dg(m(e1), m(e2) < Vbdy(e1, e2),
where dg and dy, are the (geodesic) distances induced by the metric tensors g and k, respectively.

Proof: Let e;,eo € N, with z; = m(e;) for i = 1,2. For each curve § : [a,b] — N relating
e1 to eg, the map mod : [a,b] — M is a curve relating z1 to zo. Since (M, g) is complete,
there exists a geodesic ¢ : I — M relating =1 to xo, such that I(c) = dy(x1, x2), where I(c)
denotes the length of ¢, with respect to g.

For a curve  : I — N, we have

k(3(1),8(t)) = k(H(3(£), H(5(t))) + k(V(5(£)), V(8(t)))
= M0(t) g (mad(t), md(t)) + k(V(S(t)), V(3(1))),

where H (resp. V) denotes the horizontal (resp. vertical) part of a vector. If L(d) denotes
the length of §, with respect to k, then

1
2\[/ 71'05( £))) 2dt

>7r05
R

Hence, for any curve (potentially piecewise smooth) 0 : [a,b] — N, we have

l(mod) _ Il(c) 1
\/5 T %dg(xhl?)?

whence the result. m

L(%) >

IV
S8

Theorem 10. ( [11]) Let G be a Riemannian metric on a vector bundle (E,m, M) for which
the projection 7 : (E,G) — (M, g) is a horizontally conformal submersion such that the
dilation function \ satisfies a < A2 < b, for some reals a,b > 0. If the base (M, g) is complete,
then so is the total space (E,G).

Proof: By virtue of the Hopf-Rinow theorem, it suffices to show that (E, dg) is a complete
metric space. Let (ep), be a Cauchy sequence of the metric space (F,dg). By virtue of
Lemma 5, we have dy(m(enp), m(en)) < Vbda(enip,en), for all n,p € N, we conclude that
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the sequence (zy,), with x,, = 7(ey), is a Cauchy sequence of the metric space (M,dy). By
virtue of the Hopf-Rinow theorem, the sequence (x,) converges to a limit zy € M.

Let € > 0, since the sequence (x,), converges to xg, there exists N. € N such that
d(zp,x0) < € for all n > N,. So, for n > N, let ¢ : [0,1] — M be a geodesic relating z,, to
xo and let ¢* be the horizontal lift of ¢ starting at e, as given in Proposition 24.

We get

PN
*

1G®]% = G (1), (1) = A" (£) 2g(elt), &(2),

thus l .
L(c") < ie) = %dg(asn,:po).

In particular, we have dg (e, c*(1)) T, xo) < \Lf Thus, the sequence (ey), con-
a

1
< —d
— \/a 9(
verges to the limit point e = ¢*(1). Once again, the Hopf-Rinow theorem gives the result.
|

Remark 10. In Lemma 5 and the proof of Theorem 10, we have proved that if (M,g) is
complete and G is a Riemannian metric on E such that the projection 7 : (E,G) — (M, g)
is a horizontally conformal submersion with dilation function A satisfying a < A2 < b, for
some real numbers a,b > 0, then we have

\/&dG(€1762) < dg(ﬂ-(el)77r(€2)) < \/l;dG(€17€2)7
where ej,eg € E are the ends of the lift of a minimizing geodesic relating x; and x2, with
x; = 7(e;) for i =1, 2.

As an application we present an answer to the CP for SS-metrics without assuming the
completeness of fibers, as well as for the Cheeger-Gromoll and generalized Cheeger-Gromoll
metrics:

Corollary 5. Assume that E is endowed with a metric G belonging to one of the following
classes:

(i) SS-metrics such that p1 is bounded,
(ii) (p,q)-metrics GP1.
Then, the Riemannian manifold (E,G) is complete if and only if (M, g) is complete.

Proof: It follows from Proposition 32 and Theorem 10. [ |

Example 4. Take ¢1(r) = cos(r), and @2 an arbitrary weight function as in section 1. Then,
(E,G) is complete if and only if (M, g) is complete, where G is the spherically symmetric
metric with weights ¢1 and s.

2.3 Application: the tangent bundle to a Riemannian manifold

Though tangent bundles are examples of vector bundles, they constitute a particular excep-
tion. Indeed, they can be endowed with a far more large family of naturally constructed
metrics for many good reasons, firstly a Riemannian metric on the base gives at the same
time a linear connection on the tangent bundle and inner products on fibers, secondly local
frames of the tangent bundle are nothing but the coordinate frames, that is local trivializa-
tions of the tangent bundle arise naturally from the smooth structure of the base. For all of
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these considerations, it becomes quite natural to have a huge class of metrics on the tangent
bundle to a Riemannian manifold, namely g-natural metrics which are defined as follows.

Let (M, g) be an n-dimensional Riemannian manifold and V its Levi-Civita connection.
At each point (x,u) of its tangent bundle T'M, the tangent space to T'M splits into the
horizontal and vertical subspaces, with respect to V, as

where H T M (resp. V(g )T M) is the horizontal (resp. vertical) subspace of T(, ,\TM.

For any vector X € T, M, there exists a unique vector X" & Hzu)T'M , called the
horizontal lift of X to (x,u) € TM, such that 7, X" = X, where 7 : TM — M is the
natural projection. Moreover, vertical lift of X € T, M to (x,u) € TM is the vertical vector
XY € VguTM such that X°(df) = X f, for all functions f on M (we consider the 1-forms
df on M as functions on TM via the equation df(x,u) = wf). The map X — X" is an
isomorphism between the vector spaces T, M and H,,)T'M. Similarly, the map X — X"
is an isomorphism between T, M and V. ) TM. Each tangent vector Z € T\, , )T M can be
written in the form Z = X" + Y?, where X,Y € T,M are uniquely determined tangent
vectors. Horizontal and vertical lifts of vector fields on M can be defined in an obvious way
and are uniquely defined vector fields on T'M.

Classically, the total space of the tangent bundle was endowed with the Sasaki metric,
but, as mentioned above, this metric presents a strong rigidity in the sense of [44] and [56]. In
order to overcome such a rigidity, many generalizations of the Sasaki metric were introduced
(e.g. the Cheeger-Gromoll metric, Oproiu metrics...etc). We refer the reader to the paper [2]
for a detailed survey of the geometry of the tangent bundle. The introduction of g-natural
metrics comes from the description of all second order natural transformations of Riemannian
metrics on manifolds into metrics on their tangent bundles [45]. For more details about the
concept of naturality and related notions, we refer the reader to [35,45,47]. The family of
g-natural metrics (possibly pseudo-Riemannian) has been characterized as follows:

Proposition 34. (see [7]) Let (M, g) be a Riemannian manifold and G be a g-natural metric
on TM. Then there are siz smooth functions oy, f; : R™ — R, i =1,2,3, such that for every
u, X, Y €T, M, we have

Glauy(X"Y") = (o1 + 03)(r)ge(X,Y) + (81 + B3)(r) g (X, u)ga (Y, w),
G(m,u) (Xh7 YU) = o2 (T)gx (X Y) + 52( )ga: (Xv u)gx (K u)a
G(m,u) (XU7 Yh) = o2 (T)gx (X ) + 62( )g:r (X’ u)gx(Y, U)a
G(m,u) (Xv’ Yv) a1 (T)gm (X Y) + b1 (T)gx (Xa u)ga:(}/a u),

where r = gz (u,u). Forn =1, the same holds with ; =0, for i =1,2,3.
Notations 1. In the sequel, we shall use the following notations:
(i) ¢i = ai(t) +tBi(t),
(ii) a(t) = ai(t)(o1 + as)(t) — a3(t),
(iii) ¢(t) = Pu(t)(¢1 + ¢3)(t) — G3(1),
for all t € RT.

Some of the metrics described in Proposition 34 could possibly be pssudo-Riemannian in
general, hence Riemannian g-natural metrics among them are characterized as follows:
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Proposition 35. (see [7]) The necessary and sufficient conditions for a g-natural metric G on
the tangent bundle to a Riemannian manifold (M, g) to be Riemannian are that the functions
of Proposition 34, defining G, satisfy the inequalities

ay(t) >0, o1(t) > 0,
(2.3.1) { a%t) >0, qﬁzt) >0,

for allt € RT.
For n =1, the system reduces to aq(t) > 0 and «(t) > 0, for all t € RT.

The unit tangent sphere bundle over a Riemannian manifold (M, g) is the hypersurface
WM = {(z,u) € TM : gy(u,u) = 1} in TM. The tangent space to T1M, at a point
(x,u) € TY M, is given by

TwTiM = {X"+Y": X € T,M,Y € {u}' C T,M}.

By a (pseudo)-Riemannian g-natural metric G' on 1M we mean a (pseudo)-Riemannian
metric induced by a g-natural metric G on TM. It’s well known that a g-natural metric on
T1 M is completely determined by the values of four real constants, namely:

a=ai(l); b=ax(l); c=a3(l); d=(B1+Bs)(1);

where a; and f3; are the weight functions of a g-natural metric as given in Proposition 34. In
the same way, a g-natural metric G on T1 M is Riemannian if and only if

a>0; a=alat+ec)—b*>0; ¢=ala+tc+d) —b >0.

If G is a g-natural metric on Ty M, then, at each point (2,u) € Ty M, the metric G is
completely determined by
Gy (X, YM) = (a4 €)ga(X, V) + dga (X, w)ga (Y, 0),
G(cs,u) (Xh’YU) = G(I,u) (vaXh) = bgz(X,Y)v
G(z,u) (va Yv) = C9x <X7 Y)

It is worth mentioning that the tangent sphere bundle is not a vector bundle, it is a fiber
bundle. So our results does not work directly in this case, but we shall extend them without
troubles nor extra assumptions.

Let G be a Riemannian g-natural metric on TM with weight functions «; and §;, for
1 =1, 2,3, such that:

az =0,082 =0,01+ 3 =0.

This way, we obtain a class of metrics known as Kaluza-Klein metrics (KK-metrics). Let G
be a KK-metric, then using similar techniques to those used in the proof of Proposition 29,
one can prove that the projection 7 : (TM,G) — (M, g) (resp. ' : (I1M,G) — (M, g))
is a horizontally homothetic submersion with dilation function A = /(a1 + a3) (resp. a
horizontally homothetic with constant dilation function A = \/(a + ¢)).

Consequently, necessary conditions for the completeness of KK-metrics on tangent bundles
and unit tangent bundle can be derived from Theorem 10. Indeed, we have:

Proposition 36. Let (M,g) be a Riemannian manifold and let TM be its tangent bundle
endowed with a KK-metric G with weight functions «; and 3;, for i = 1,2,3. Assume that
a1 + ag satisfies a < oy + ag < b, for some real numbers a,b > 0. If (M, g) is complete, then
s0 is (TM, Q). Furthermore, if B3 =0, then the equivalence holds.

Proof: It follows from Lemma 5 and Theorem 10 and Proposition 32. [ |
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Proposition 37. Let (M,gz be a Riemannian manifold and let T1M be its unit tangent

sphere bundle endowed with G induced from a KK-metric G with weight functions a; and [;,
fori=1,2,3. Then (T'M, G) is complete if and only if (M, g) is complete.

Proof: We give only a sketch of the proof since it stems from the proof of Theorem 10.
Since the projection 7 : (I'M,G) — (M, g) is a horizontally conformal submersion with
constant dilation function A = y/(a + ¢) with a = a1(1) and ¢ = a3(1), Lemma 5 implies
that the projection of a Cauchy sequence of the total space is a Cauchy sequence of the base
M. Moreover, the horizontal lift of a geodesic, with respect to the Levi-Civita connection of
G, exists by virtue of a more general version of Proposition 24 in the case of fiber bundles
(cf. [42]). Hence, one obtains a limit point for the considered sequence, which implies at once
that (E, Q) is complete. The converse follows easily since the dilation function is constant. m

Remark 11. The class of Kaluza-Klein metrics on (unit) tangent bundles to Riemannian
manifolds includes the Sasaki metric [68], the spherically symmetric metrics, the Cheeger-
Gromoll metric and the Cheeger-Gromoll type metrics GP¢ defined in [49].
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Chapter 3

Symmetries of spherically symmetric
metrics

Motivation

In the context of Riemannian geometry, it is well known that many geometric features of
a Riemannian manifold are encoded in the so-called symmetries of the metric tensor like
isometries, conformal, affine and projective transformations (cf. [32,39,42,59,79]). Symmetries
are generally difficult to describe globally, but they can be described locally using 1-parameter
groups of transformations of vector fields which give rise to the notions of Killing, conformal,
affine and projective vector fields, respectively, which are called infinitesimal symmetries and
contain many geometric informations about the manifold under consideration. For instance,
the set of Killing vector fields forms a Lie subalgebra of the Lie algebra of smooth vector fields
on a Riemannian manifold. Furthermore, when the manifold is complete, the Lie subalgebra
of killing vector fields is the Lie algebra of the isometry group.

Another instance that makes the investigation of conformal vector fields extremely impor-
tant is the fact that certain Riemannian manifolds can be ‘classified’ using conformal gradient
vector fields [21].

This chapter is devoted to the study of conformal as well as closed and Killing vector fields
on vector bundle manifolds when endowed with a spherically symmetric metric.

3.1 Preliminaries

Generally speaking, let (M, g) be an n-dimensional Riemannian manifold, V its Levi-Civita
connection and X(M) its Lie algebra of smooth vector fields.

Two Riemannian metrics g; and go on the manifold M are said to be conformally equivalent
if there exists a function ¢ € C*°(M) such that g1z = e®gs. A conformal manifold is a
manifold endowed with a conformal equivalence class of Riemannian metrics. Two conformally
equivalent Riemannian metrics induce the same angle measure between vectors, so a conformal
class on M is equivalent to the specification of an angle measure on each tangent space to M
which vary smoothly with x € M.

A map between conformal manifolds is said to be conformal if it preserves the angle
measures between vectors; in other words, if M; and My are conformal manifolds with g1
and go any representative Riemannian metrics chosen on them respectively, then a mapping
f: My — Ms is conformal if f*gs is conformally equivalent to g;. A conformal diffeomor-
phism of a conformal manifold is called a conformal transformation. Finally, a vector field is
said to be a conformal vector field if its local 1-parameter group counsists of local conformal
transformations.
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If X is a vector field on (M, g), then the Lie derivative of g along X is defined by

d
£ = — *

where {¢;}; is the local 1-parameter group of X.

Conformal vector fields are infinitesimally characterized using Lie derivatives. Indeed, a
vector field X on (M, g) is conformal if and only if there exists a smooth function f on M
such that

Lxg=2fg,

the function f being called the potential function of X. A conformal vector field with potential
function f, such that f # 0, is said to be a non-trivial conformal vector field. On the other
hand, a conformal vector field on M with vanishing potential function is said to be a Killing
vector field. So, a vector field on M is a Killing vector field if and only if its local 1-parameter
group consists of local isometries. The Lie bracket of two Killing vector fields is a Killing
vector field, thus the set of Killing vector fields forms a Lie subalgebra of X(M) which we
denote by I(M).
The Lie derivative of the metric tensor is given by

(3.1.1) Lxg(Y,Z) =9g(VyX,Z) +g(Y,VzX),

forall X|Y,Z € X(M).
In virtue of the Koszul formula, we have

(3.1.2) 29(Vy X, Z) = Lxg(Y,Z) +dX"(Y, Z),

for all X,Y,Z € (M), where X” denotes the dual 1-form to X with respect to g. A vector
field X € X(M) is said to be closed if the dual 1-form X" is closed.
Given a vector field X € X(M), the exterior differential of X can be expressed as

(3.1.3) dX’(Y, Z) = 29(¢x(Y), 2),

forall Y, Z € X(M), where ¢x is a skew-symmetric (1, 1)-tensor field on M called the associ-
ated tensor field to the vector field X. Using equations (3.1.2) and (3.1.3), we conclude that
if X is a conformal vector field with potential function f, then

(3.1.4) Vy X = fY +ox(Y),

forall Y € X(M).

3.2 Symmetries of Spherically symmetric metrics

Let G be a spherically symmetric metric with weights ¢; and @2 on the vector bundle
(E,m,M). This section is devoted to investigate the different classes of symmetries of SS-
metrics. In order to avoid confusion, we will use the following notations: vector fields on
(E,G) are denoted by X,Y,Z or X" YV . etc (when we want to specify whether they are
horizontal or vertical). On the other hand, we use X, Y, Z...etc for vector fields on the base.

First we recall some local expressions of the covariant derivative of a vector field on F,
with respect to an appropriate local frame, as well as the expression of the Lie derivative of
G given in [13]. We use the Einstein summation convention.

Let (U, %) be a local coordinate system on M, {o,} be a local orthonormal frame of E,
and let {07, o, } be the local linear frame of E, induced from {9;} and {o}}, where ol is the
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0 .
horizontal lift of — and o) is the vertical lift of 0,. Denote by {z*,v*} the induced local

ox? ~
coordinate system on E. If Y = Y9! + Y,0Y is a vector field, then VY is totally determined
by the following equations (cf. [13]):

(3.2.1) (VoY) = Z] + YT + av Y, ot + eQ(Lp;anYﬁRgaimgmj,
(32.2) (VoY) = (;)Y: +avY? + 62(¢2_@1)U5Y1R55lm9mj7

(3.2.3) (VorY), = ?;;j“ + Y5 + v g — ;‘g(tﬂgl)vﬂymfmj,
(3.2.4) (@UZY)ﬁ = gfg + covPY, + oY, + bu7Y,65,

where F%l and ng’a are respectively the connection components of the connections V and

D, and Rfﬁi ; are the components of the curvature of the connection D given by Rgmj =

h(RE(&, aj)da, 05).
Proposition 38. Let X € X(FE) be a vector field, then the Lie derivative of G along X is
given by
LxG(Y,Z) = e* Lynn*g(Y,Z) + 2?2 Lypvn*h(Y, Z) + 2ae*? & (X )Y, Z) ur
+ 2662%02£b(X)<Y7 Z>E + 62@2 <R£(X7 Y)7 Z>E + 62802 <R§(X7 Z)7 Y>E7

where

(3.2.5) Lynm*g(Y,Z) = n*g(m*Vy X1, Z) + n°g(x*V X1 Y),
and

(3.2.6) Lxvr*h(Y,Z) = m*h(m*Dy X"V, Z) + m*h(x*D, XV Y).

3.2.1 Closed vector fields

Our aim in this subsection is to study closed vector fields on (E, G), that is vector fields with
closed dual 1-forms. We shall denote the dual 1-form of a vector field X on E (resp. X on
M), with respect to G (resp. g), by X? (resp. X”).

Given X € X(E), we define a 1-form ¢x € QY(E) by

Yx (V) = 2(ae* (X,Y)r + be*?*(X,Y)p),

for all Y € X(E), with a = 2¢} and b = 2¢),.
Long but routine computations give:

Proposition 39. Let X € X(F), then
dX°(Y, Z) = 2 (n*g(n*Vy X T Z) — 7 g(m*V 2 X Y))
+ 292 (r*h(n* Dy XV, Z) — m*h(m* Dz XV ,Y))
+&(V)ex(2) =€ (2)x(Y) + ¥ (RA(Y, 2), X),
where X and XV are, respectively, the horizontal and vertical components of X .

We will determine when horizontal lifts of vector fields on M, vertical lifts of sections of
FE and the tautological vector field £ are closed vector fields.
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Lemma 6. Let X be a non-zero horizontal vector field on E. If X is closed, then ¢, is
constant.

Proof. If XH is closed, then we have, by virtue of Proposition 39,
0=dXHY(YH 2ZV) = —2ae*1&(ZV) (X Y H) ),

for vertical vector fields ZV and horizontal vector fields Y on E. In particular, for Y =
XH +£0and ZV = ¢, we get

reh =0,
thus ¢} =0 on R}, and by continuity ¢j = 0 on RT. O

Theorem 11. Let X be a vector field on M and X" be its horizontal lift. Then, X" is a
closed vector field on E if and only if p1 is constant and X is a closed vector field on M.

Proof. For any vector fields Y and Z on M, we have, by Proposition 39,
d(X"y(Y", 2" = 27X’ (Y, Z).

If X" is closed, then X is closed and ¢; is constant by virtue of Lemma 6.

Conversely, assume @ is constant, i.e. a = 0, and X is a closed vector field on M.
For e € E, every Y,Z € T.FE can be expressed as Y = Y" + YV and Z = 2" + ZV,
where Y = (d.m)Y, Z = (den)Z and YV and ZV are the vertical components of Y and Z,
respectively. Using Proposition 39, we get

d(&h)b(if, Z) — 62901 {W*Q(W*vxlth,gh) . ﬂ_*g(ﬂ,*vzhlhjxh)
=¥ [g(Vy X, Z) — g(VzX,Y)]
=e*dX"(Y, Z) = 0.
Thus X" is a closed vector field on E. ]

Now, we shall study some special cases of vertical vector fields on F. For the tautological
vector field &, a straightforward computation, using Proposition 39, gives the following

Proposition 40. £ is a closed vector field.
Concerning vertical lifts of smooth sections of E, we have

Theorem 12. Assume that k > 2 and let o be a smooth section of E. The vertical lift o¥ of
o is a closed vector field on E if and only if the following assertions hold:

1. o is a parallel section of E,
2. @9 15 constant.
Proof. Tf 0¥ is closed, then we have, by Proposition 39,

0=d(c") (Y, 2") = —e*?n*h(r* D yno", V") = =X 7*h((Dgo)", YY),

for every vector field Z on M and every vertical vector field YV on E. Thus D zo0 = 0 for all
Z € X(M), hence o is parallel.

On the other hand, by definition of the pullback connection we have 7*Dy-vo” = 0. Then
for vertical vector fields YV and ZV on E, we have by Proposition 39

0=d(c")’(Y",2")
:2b€2@2 (éb (YV)<UUa ZV>E - fb(Zv)<UU7 YV)E) .
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Taking &, =Y. 1 ZV = oV in the last identity, for e € E, we get b = 0 and hence ¢} = 0.
Conversely, if ¢ is parallel, then we have, by Proposition 39,

(o) (YV,z") = d(e")(Y",2V) =0,
and if 9 is constant, then we get
d(e*)(YV,z") =0,

for all vertical vector fields YV and Z¥ on E.

Finally, to show that d(c?)*(Y*, ZH) = 0, for all horizontal vector fields Y# and Z¥ on
E,let e € E with n(e) =z and Y, Z € X(M) such that Y, = (dem)Y. and Z, = (dem)ZH,
so that Y = YH and Z" = ZH. 1t is easy to see that

(d(e")y (YH, 21)), = e(RE(Y", 2"), 0") ()
= —e??2h((RE(Y, Z)o)(z),e) = 0.

3.2.2 Conformal horizontal vector fields
In this section we will study conformal horizontal vector fields.

Lemma 7. If X! is a horizontal vector field on E, then the Lie derivative of G along X is
given as follows:

1. LynGYH ZH) =21 L nnrg(YH ZH),

2. LxnGYH ZV) = e202(RE(XH, Y, 2V,
3. LynGYY,Z1) = e?2(RE(XH, 21), YY),
4. LxaGYV,ZV)=0;

for all horizontal vector fields Y, ZH and vertical vector fields YV ,ZV on E.

Proposition 41. Let X be a horizontal vector field on E. Then the following assertions
are equivalent:

1. XH is a conformal vector field,
2. X" is a Killing vector field,

3 REXH ) =0 and Lynm*g(YH,ZH) = 0, for all horizontal vector fields YH ZH on
E.

Proof. Assume that X is a horizontal conformal vector field on E, then there exists f €
C*°(E) such that
LxnG(Y, Z) = 2fG(Y, 2),

forall Y, Z € X(E). Let e € E, and let YV be a vertical vector field which does not vanish in
a neighbourhood of e (e.g. YV = ¢), thus

0= (LxnG) (YW, YY) =2f(e)Gc(Y), YY) = 2f(e)e**Mn*he (Y., Y)),

which implies that f(e) = 0, hence f =0, thus X is a Killing vector field. Hence 1. implies
2.. The converse is obvious. The equivalence between (2) and (3) follows directly from Lemma
7. O
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So, there is no non-trivial horizontal conformal vector fields, as a matter of fact, the prob-
lem of finding horizontal conformal vector fields reduces to the problem of finding horizontal
vector fields which are Killing vector fields.

Now, we shall focus on the case of horizontal lifts of vector fields of the base manifold.

Proposition 42. Let X € X(M) and X" its horizontal lift. Then, X" is a Killing vector
field on E if and only if the following assertions hold:

1. X s a Killing vector field on M,
2. RE(X,.)=0.

Proof. If X" is a Killing vector field on (E,G), then by virtue of (3) of Proposition 41, we
have
,CX}L']T*Q(YH, ZH) — O,

for all horizontal vector fields YH, Z" . In particular, if Y# = Y" and Z# = Z" where
Y,Z € X(M), then we obtain

0= Lynm*g(Y", 2") = Lynm*g(Y", Z")
= (Lx9)(Y, 2),

thus X is a Killing vector field on (M, g). Further, (2) follows again from (3) of Proposition
41.

Conversely, let e € E, then any Y,Z € T.E can be expressed as Y = Y" + YV and
Z=2"+27", whereY = (dem)Y, Z = (dem)Z, with YV and ZV are the vertical components
of Y and Z, respectively. Using Lemma 7 and the fact that RF(X,.) = 0, we get

Lynm*g(Y,Z) = 7*g(x*Vyn X", Z") + 7%g(x*V yn X", Y
=9(VyX,Z) +9(VzX,Y)
=Lxg(Y,Z) =0,
hence X" is a Killing vector field on E. O
So, it follows that:

Corollary 6. If the connection D is flat (i.e. RF =0), then X € X(M) is a Killing vector
field on (M, g) if and only if X" is a Killing vector field on (E,G).

The following result generalises a similar one in the case of 1 and @9 being constant
(see [13]).

Corollary 7. Assume that o1 is constant, and let X be a vector field on M such that:
1. X s a parallel vector field,
2. RE(X,.) =0,

then X" is a parallel vector field on (E,G). Furthermore, all parallel horizontal vector field
are obtained in this way.

Proof. Tt follows from Theorem 11 and Proposition 42. Further, by virtue of equation (3.2.2),
since (7 is constant and hence a = 0, a horizontal parallel vector field must be a horizontal
lift. O
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In what follows, we give a classification of horizontal Killing vector fields if (7 is constant.

Theorem 13. Assume that @1 is constant. Then, the only horizontal Killing vector fields on
(E,G) are the horizontal lifts of Killing vector fields on (M, g).

Proof. Let Y = Y0 be a horizontal Killing vector field on (E,G). Then, by virtue of
Proposition 41, we have R¢(Y,.) = 0. On the other hand, we have

2G(Vo Y,01) = d(Y") (2, ),

(e 22

and d(Y?) (08, 0F) = ae®1€°(a8)(Y, 01 ur, thus, by virtue of equation (3.2.2), we have

(e %) 7
- - oY? _ A
(3.2.7) 2e*%1 (V,nY)' = 2e241 (a—CY + av?Y") = ae® Y
e
We conclude that

oY?

(3.2.8) Spe —av®Y" =0,
forall i = 1,...,n and o = 1,..., k, since ¢ is constant and hence a = 0, it follows that ¥
must be a horizontal lift. O
i
The equation -— =0, forall i =1,...,n and a = 1,..., k, is the local characterization of

the fact that Y preserves the fibers of E. Recall that a vector field Y € X(F) is said to be
fiber-preserving if the Lie bracket [Y, Z] is a vertical vector field on E for any vertical vector
field Z € X(F). Tt is then easy to see that all vertical vector fields on F are fiber-preserving
and a horizontal vector field on FE is fiber-preserving if and only if it is the horizontal lift of
a vector field on M.

Consequently, Theorem 13 can be stated as follows: if (1 is constant, then the only Killing
horizontal vector fields on E are those which are fiber-preserving. Actually, the identity (3.2.8)
gives the converse:

Proposition 43. If o non-zero fiber-preserving horizontal vector field on E is Killing, then
p1 48 constant.

3.2.3 Conformal vertical vector fields

Lemma 8. Let XV be a vertical vector field on E, then the Lie deriwative of G along XV is
given as follows:

1. LyvGYH ZH) = 2ae291&(XVY(YH, ZH) ),

(
2. LxvG(YH ZV) = e*22n*h(m*Dyu XV, ZV),
(

)
8. LxvGYV,ZH) = e22n*h(r* Dy XV, YY),
4. LxyvGYV,ZV) =22 Lyvm*h(YY, ZV) + 2be2228(XVVYY, ZV) E;
where YH | ZH qre horizontal vector fields and YV, ZV are vertical vector fields.

Lemma 9. Let X" be a vertical vector field. Then XV is a conformal vector field on E with
potential function f if and only if the following conditions hold:

1. f=a&(XY),

2. Lyvr*h(YV,ZV) = 2(a — D) (XV)m*h(YY,ZY), where YV, ZV are vertical vector
fields.
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3. wDyr XY =0, for any horizontal vector field YH.
Proof. Tt follows directly from the expression of the Lie derivative. O

Proposition 44. If 1 is constant, then every vertical conformal vector field on E is a Killing
vector field.

Proof. If XV is a conformal vector field with potential function f, then f = a&”(XV). The
function ¢; being constant yields a = 2¢} = 0, whence f = 0, thus XV is a Killing vector
field. O

The first example of vertical vector fields to examine is the tautological vector field &.
Theorem 14. The vector field & can not be a conformal vector field on (E, Q).

Proof. If £ is a conformal vector field, then by virtue of Lemma 9, a necessary condition for &
to be a conformal vector field with potential f is the equation f = a&’(€) = ra with a = 2¢).
On the other hand, we have

Lem*h(YY,ZV) = m*h(1m*Dyvé, ZV) + m*h(YY , 7" Dy €)
=2r*n(YV, z"),

for all vertical vector fields YV, Z" on E. Hence

(3.2.9) Lo h(YY,ZV) =20V, ZV) k.
Lemma 9 again implies that we must have

(3.2.10) 2(a — b)E (&) = 2,

which is equivalent to

1
3.2.11 L=l = —.
( ) P12 =g
The regularity, of the weight functions, required in the definition of spherically symmetric
metrics implies that the LHS is differentiable at 0 on the right, but clearly the RHS does not
fulfil this requirement; as a matter of fact, £ can not be a conformal vector field. O

Remarks 2. 1. Let O be the zero section of E. If we restrict ourselves to the ‘slit’ vector
bundle defined as E* = E\ {o} endowed with the induced spherically symmetric metric
G*. Then |- is a conformal vector field with potential function f = 2r¢) if and only

1
if 1 and 9 satisfy the equation 1 — o = 3 In(r) + C, with C' is a constant.

2. In an attempt to find geometrically interesting examples of vertical vector fields, a large
class of vertical vector fields which generalizes the vector field £ can be constructed
using vector bundle morphisms. Indeed, let ® : E — FE be a vector bundle morphism
covering the identity of M i.e. mo ® = 7. The morphism & gives rise to the vector field
defined by

19(e) = (2(e)),
for all e € E. Clearly [® is a smooth vertical vector field on E. This construction is a
generalization of a construction in [73] which was used to classify Killing vector fields in
the case of Cheeger-Gromoll metric (cf. |3]). By virtue of Lemma 9, {® is a conformal
vector field with potential function f if and only if:
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(1) f(e) =241 (r)h(D(e), e) with r = [le]?,
(i) Liom*h(YYV,2Z"V) =2(a — )€ (1®)m*h(YV, Z"), where YV, ZV are vertical vector
fields,
(iii) 7 Dyu (I®) for all horizontal vector field X,

For ® = Idg, we recover the tautological vector field €. Since, it does not work for the
case of Idg, as the reader may agree, it is non trivial to find a vector bundle morphism
® such that [P is conformal in the full generality.

Proposition 45. Let o be a smooth section of E. If the vector field o is conformal, then o
1s a parallel section.

Proof. If ¢ is a conformal vector field, then by virtue of Lemma 9 we have 7*D yro? = 0 for
any horizontal vector field X . In particular for all X € X(M), we have

0=n"Dxno” = (Dxo)?,
which implies that ¢ is parallel. O

Theorem 15. Let o be a non-zero smooth section of . Then o is a conformal vector field
with potential function f if and only if the following assertions hold:

1. f(e) =24 (r)h(o(m(e)),e), for all e € E, where r = h(e, e);
2. gpll = 80/2 on R-ﬁ-;
3. o 1is parallel.

Proof. It suffices to prove that the three assertions of the theorem are equivalent to the
corresponding ones in Lemma 9, when XV is replaced by oV. It is clear that the first assertion
of the theorem is equivalent to the first one in Lemma 9, since &(a%) = h(o(n(e)), e), for all
ec E.

On the other hand, since (7*Dyno?), depends only on Y, then we can suppose that
YH = Y" where Y is a vector field on M such that Y = Y. Then (7*Dyno?), =
(ﬂ*DYha“) = (DXU)Z~ Thus 7*Dyno® = 0, for every horizontal vector field Y* on E,
which is equivalent to Dyo = 0, for every vector field Y on M. We deduce that the third
assertion of the theorem is equivalent to the third one in Lemma 9.

Finally, we know that for any arbitrary vertical vector fields YV, Z" on E, we have

Lovn*h(YV,ZV) = m*h(n*Dyve®, ZV) + 7* WYV, 7*Dyve") = 0,

since 7 Dyvo¥ = 0 by definition of the pullback connection 7*D. Hence the second assertion
of Lemma 9 is equivalent to

(3.2.12) (a—b)& (") =0.

Fix » € R%, and let € M such that o(x) # 0. Putting e := %0’(3}), we have h(e,e) =,
then &(0%) = h(o(x),e) = /rllo(z)| # 0. Thus (3.2.12) implies that a(r) = b(r), i.e.
¢ (r) = ¢}(r), for all » € R%, and by continuity for all » € Ry. Conversely, if ¢] = ¢, on
Ry, then a = b, and consequently (3.2.12) is satisfied. We deduce that the second assertion
of the theorem is equivalent to the second one in Lemma 9. OJ

Corollary 8. Let o be a non-zero smooth section of E. Then o¥ is a Killing vector field on
E if and only if the following assertions hold:
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1. 1 and @9 are constant;
2. o s parallel.

Proof. Since Killing vector fields correspond to conformal vector fields with potential functions
f =0, then the first assertion of Theorem 15 is equivalent, in this case, to @] = 0, i.e. 1
is a constant. We conclude that the second assertion of Theorem 15 is equivalent, in this
situation, to 9 is constant. O

As a corollary of Theorems 12 and 15 and equation (3.2.4), we recover the following result
due to Albuquerque (see [13]):

Corollary 9. Let G be the Sasaki metric, and let o be a parallel section with respect to D,
then oV is a parallel vector field on (E,G). Furthermore, all parallel vertical vector fields are
obtained in this way.

Remark 12. A necessary condition for the existence of parallel sections is that x(E) = 0, so
the non-vanishing of the Fuler-Poincaré characteristic of E' is a topological obstruction to the
existence of parallel sections and hence to the existence of conformal vector fields of the form
oV, where o € I'(E).

Now, combining Proposition 42 and Theorem 15, we obtain the following class of conformal
vector fields:

Theorem 16. Let o € T'(E) be a parallel section, assume that ¢ = ¢4 on Ry, and let X €
X(M) be a Killing vector field on (M, g) such that RF(X,.) = 0, then the vector field Z = X"+
o is a conformal vector field on (E,G) with potential function f(e) = 2@, (r)h(o(m(e)),e). In
particular, if D is flat, then, for a Killing vector field X on M, the vector field Z = X" + o
is a conformal vector field with potential function f(e) = 2¢5(r)h(o(w(e)),e).

Remark 13. If ¢} = ¢!, # 0 on R, then every vector field of the form Z = X" + ¢¥, where
o € T'(E) is a parallel section and X a Killing vector field on (M, g), such that RF(X,.) =0,
is a non-trivial conformal vector field on (E,G). A sufficient condition to have ¢} = ¢} is
to take 1 = @9, which gives a metric conformally equivalent to the Sasaki metric 7*g ® 7*h

(cf. [23,43]).

Example 5. Take E = TM, D = V the Levi-Civita connection of (M,g), h = g and R

the curvature tensor of g. Assume ¢1(r) = arctan(r) and @o(r) = 1 4 arctan(r), and let

X € X(M) be a Killing vector field on M such that R(X,.) =0, and Y be a parallel vector

field on M, then Z = X" 4+ Y is a non-trivial conformal vector field with potential function

flz,u) = THHQg(Yx,u), where ||ul|? = g(u,u) and X" and YV are the horizontal and
u

vertical lifts of X and Y, respectively.

Example 6. Take £ = T*M, D the natural connection induced from the Levi-Civita connec-
tion V of (M, g), and h the fiber metric induced on T*M from g by musical isomorphisms. Set
v1(r) = pa(r) = P(r) where P is a non-constant polynomial with real coefficients. Assume
that (M, g) is flat and let X € X(M) be a Killing vector field on M and w € QY(M) with
Dw = 0, then the vector field given by Z = X" 4 w", is a non-trivial conformal vector field
on T*M with potential function f(z,«a) = 2P’(r)g(w§;, of) with r = h(a, a), where X" is the
horizontal lift of X with respect to D and w" is the vertical lift of w.
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3.2.4 Conformal gradient vector fields

In this section we will focus on the case of gradient vector fields. First, recall that given U C M
an open set, and let {e; : ¢ =1,...,n} be a linear local orthonormal frame on U. Restricting
to a smaller U if necessary, we assume that {0, : p =1,...,k} is a local orthonormal frame
of Eon U. Then {e~%tel, e~%20p} is a linear orthonormal frame on (E, G).

We will begin by functions which depend only on r, for a real valued function f : R, — R,
f is said to be smooth if it is smooth on R’ and smooth at zero on the right as well as all its
successive derivatives; so there is the associated function F' : E — R given by F'(e) = f(r),
for e € E and r = h(e, e).

Proposition 46. Assume that k > 2, let f : RT™ — R be a non-constant smooth real valued
function, and let F' : E — R be the function induced from f, that is F(e) = f(r) with
r = |le||?. Then VF can not be a conformal vector field on E.

Proof. We have VF = \¢ with A\ = 2¢=222 /. Indeed, by virtue of Lemma 3, we have

n

(VF), = 3 { (PO s ) (el |

=1

i zk: {(e“”(”o—;.f(r)) (e—wz(r)(,;) }
p=1

k
= 2720200 ') Y {& 0Py}
=1
pk
=2e72200 (1) 3" { (o, )0} |
p=1
= 2e7202() f(1) e,

e

e

e

On the other hand, a simple computation gives
(3.2.13) LopG(Y,Z) = (Y N)e2P28(Z) + (Z.0N)e*28(Y) + ALeG(Y, Z).
Since Y.\ = 2N (r)&(Y), equation (3.2.13) is equivalent to
(3.2.14) LopG(Y, Z) = AN ¥ (V)E(Z) + ALG(Y, Z).
So, for Y# and Z horizontal vector fields, equation (3.2.14) implies that
LopGYH, ZH) = 2ceGYH, Z7)
= 2aA> € (YT, 27y
= 2ar e® (YH ZH) ),

= 2ar\G(YH, ZH).

Thus, if VF is a conformal vector field with potential function 3, then 8 = ar.
Now, for vertical vector fields YV and ZV, we have

LGYYV,ZV)=2e22(YV, ZVVp + 2rbe?2 (Y ZV ) s
=2(1+br)e*2 (Y, Z2V) g,

thus
(3.2.15) LopGYY,ZV) =201+ br)Ae?2(YY, ZV) g + AN 2228 (Y V) (Z2Y).
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Taking YV = ZV = € into equation (3.2.15) and using the conformality of VF, we get
2(1 + br)Ae*?2r + 4N 2921 = 23622y,
which gives
(1+br)X + 2X'r = alr.
Thus A satisfies the following first order ODE:

1 1
3.2.16 N=Z(a—b—2)\.
(3.2.16) Sla—b—")

The solutions of the ODE (4.3.2) are of the form A\(r) = %6(9"1_9"2)(” which, if non-trivial,
does not meet the regularity requirement on f and the weight functions. Hence A = 0, that
is f is constant. Which implies that VI is not a gradient conformal vector field. O

Proposition 47. Assume that o1 =0 and let f € C°(M). If X =V f is a gradient Killing
vector field such that RE(Vf,.) = 0, then (Vf)" is a gradient Killing vector field on E. In
particular, if D is flat, then for every gradient Killing vector field X on M, X" is a gradient
Killing vector field on E.

For a smooth function f : M — R, the wertical lift of f is the smooth function fv :
E — R with f'= fom.

Proposition 48. Let f be a non-constant smooth function on M such that V[ is a gradient
Killing vector field satisfying RE(V f,.) = 0, then VfV is a gradient Killing vector field on E
if and only if p1 is constant.

Proof. We have

and since Vf is a gradient Killing vector field satisfying R¥(Vf,.) = 0, then (Vf)" is a
Killing vector field on E. On the other hand, we have

Loy G(Y,Z) = (Y.e )GV, Z) + (27> )GV )", Y)
+ G_leﬁ(vf)hG(Y, Z),
where Y and Z are arbitrary vector fields. Thus
(3.2.17) Lo ypG(Y,Z) = (Y.e )GV, Z) + (Z.e*)G(V )", Y).

If Vf? is a Killing vector field, then taking equation (3.2.17) for Y a horizontal vector field
and ZV a vertical vector field, we obtain

(Z2V.e72)G(YH (VM) = =4 (re & (ZV)GYE, (V)!) =0,

In particular, for Y = (Vf)" and ZV = ¢, we get r¢} = 0, thus ¢} = 0 on (0, +oc), and
by continuity on R™. Conversely, if 1 is constant, then obviously V f? is a horizontal Killing
vector field. O
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Notation 1. For a section o € I'(E), define a smooth function F, : E — R by F,(e) =

h(o(m(e)),e).
Lemma 10. Let o be a smooth section of E, then
N n
VE, =e 21 Z F(De,g)e? + e 2247,
i=1

where {e;} is any orthonormal frame of M.

Proof.
n k
(VE,)e = Z (e_wle?.Fg(e_Wef‘))e + Z (e7%20p.Fy(e™%2ay)),
i=1 p=1
n k
= e %M Z (e?.(ﬂ*h(av,é’))>€? + e %P2 Z (J;’.(W*h(av,f))>(7;
i=1 p=1

= e 2%t Z (ﬂ*h(ﬂ*DthU, §) +mh(c”, W*Deh§)>e?
i=1
k
4 7202 Z (W*h(ﬂ*Dang7 §) + 7 h(o", W*DU;’E))U;
p=1

n k
— ¢ 21 g T*h(7* Do, €)ell + e 202 E ™ h(a",0p)0,
k2
i=1 p=1

n
= 23w h((De,0)", el + o202
=1

n
= 21 Z h(D.,0,e)el + e=225°
i=1

n
=2 Fip, o) (e)el +e720"
=1

O

Since the vector field ¢¥ arises in the expression of the gradient vector field of functions of
the form F,, and since the parallelism of a section ¢ is a necessary condition for its vertical
lift ¢¥ to be conformal, we assume that the section ¢ is parallel, thus by virtue of Lemma 10,
we get

VE, =e 224",

Lemma 11. Assume ¢} = ¢, and let o be a non-zero parallel section. If the vector field
XV = X(r)o" is a conformal vector field, then X is constant.

Proof. Let Y, Z € X(FE), then
LxvG(Y,Z) = owG(Y,Z)+ (Y NG(c",Z) + (ZN)G(c",Y).

But ¢V is conformal with potential function f = a&”(¢¥). Then, for horizontal vector fields
YH and ZH | we have

LxvGYH ZHY = AL, GV, ZH) = 2008 (0°)G(YH, ZH),
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thus, if XV is conformal, then its potential function must be 3 = a\&’(¢¥). Furthermore, we
have

LvGYYV.ZV) = o GYYV,ZV)+ (YV NG(c%, ZV) + (ZV NG(c", YY),

with
LG, ZV) =202 (XYY", Z") .

On the other hand, since ¢} = ¢}, we have a = b, then
LwGYY,ZV)=pe22(YV, ZVV g + (YV VG0, ZV) 4+ (ZV N)G(a", YY),
but YV A(r) = 2)N ()€ (Y"?), whence
LGV, ZV)=23G(YY,Z")
=26e*2(YV  ZVVp + (YV . N)G(0?, ZV) + (ZV NG (0, YY)
=28e222(YV ZVV g + 4N (r)e*2 ) (6" YV V5 (0¥, ZV) .

Thus
AN ()2 o YV ) p(o®, ZV) g = 0.

Taking the last equation for YV = ZV = 0%, we get 4\ (1)||o|? = 0, whence ' = 0. O
To sum up we have:

Theorem 17. Assume that the functions ©1 and @2 are constant, and let o be a parallel
section of E, then VFy, is a gradient Killing vector field on (E,G).

Proof. 1t follows directly from Lemmas 10 and 11 and Theorem 45. 0

Example 7. Take for instance p1 = @2 = 0, i.e. G is the Sasaki metric on E, and let o be a
parallel section of (E,G), then VF is a gradient Killing vector field.
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Chapter 4

Curvatures of spherically symmetric
metrics

Motivation

The curvature tensor, as well as its traces, constitute the most important geometric invariants
of a Riemannian manifold for they encode the essential geometric information that measures
how the given manifold ‘differ’ from a flat space; in other words, curvature is an obstruction
for a Riemannian manifold to be locally isometric to the Euclidean space.

Concerning the curvature of spherically symmetric metrics, the author of [13] computed
the curvature of SS-metrics in the case of flat connections, as well as the curvature on the
zero section. This allows him to establish many geometric results of spherically symmetric
metrics. Our aim is to accomplish the computations of curvature in the general setting and
to exploit the formulas to establish several geometric properties of SS-metrics. In this chapter
we present our results in [12] and [9].

4.1 On hereditary properties of SS-metrics

For the rest of this chapter (F,w, M) is a vector bundle for which the total space is endowed
with a spherically symmetric metric G with weights ¢1 and ¢2. We mean by a hereditary
property any geometric property inherited by the base manifold (M, g) once the total space
(E, G) possesses the same property. This section is devoted to study such properties.

We will make use of the following notations:

(i) R and R are the Riemann curvature tensors of (M,g) and (E,G) (we use the same
notation for the corresponding curvature (0, 4)-tensor fields), respectively;

(ii) Ric and Ric are the Ricci tensors of (M, g) and (E, G), respectively;

(ili) K, and Kq are the sectional curvatures of of (M, g) and (E,G), respectively;
(iv) Sc and Sc are the scalar curvatures of (M, g) and (E, G), respectively.

(v) The norms H||§ =g9(.,.), ||Hé =G(,.) and |.[|> = h(.,.).

In [13], the author computed the curvature tensor, the Ricci tensor and the scalar curvature
on the zero section of F, we summarize the results in the following:

Proposition 49. Let us denote Oy the zero section of (E,m, M), and let x € M and o € Oy
such that w(o) = x. Then, for all X7 YH ZH WH c %, we have
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1 Ry(XH Yt zH wH) = 2010 (0 Ry (X T Y ) 2H Wiy,
2. Rico(XH,YH) = Ricy(dn(XH), dn(YH)) — 2k}, (0)e2(e1—22)O) (X H yHY,
3. Sco = e 2210 8¢, 4 dke=2220) (1 — k)b (0) — ng, (0)).
Furthermore, we prove the following result concerning the sectional curvature:
Proposition 50. ([12]) For all { X" Y} CH, an orthonormal system, we have
(Ke) (X", vH) = 72O (K)y (dr(XT), dr(YT)).
Proof: By the first equation of Proposition 49, we have
(Kg)o(XH", YY) = Ry(XH,YH ZzH wH)
= 2O Ry (X H Y ZH Wi
= e 21O (K)o (dm(XT), dm(YT))

because
X7 AYHE = etor | XH A Y2,

Using the computations of Propositions 49 and 50, we obtain:

Theorem 18. If the manifold (E,G) is flat, of constant sectional curvature, of constant scalar
curvature, or an Einstein manifold, respectively, then the manifold (M, g) possesses the same
property.

Theorem 18 summarizes the hereditary properties of spherically symmetric metrics. In the
forthcoming sections we shall be interested in the inverse problem, that is the necessary and
sufficient conditions under which (E,G) possesses one of the previous geometric properties
provided the base has the same property.

4.2 Curvatures of SS-metrics

We proved in Proposition 29 that the projection 7 : (E,G) — (M,g) is a horizontally
homothetic submersion with dilation function A\ : £ — R such that A(e) = e~ (") and
r = h(e,e), for all e € E. Moreover, we reviewed in the first chapter O’Neill’s theory of
fundamental tensors and fundamental equations of a submersion along with their generaliza-
tions to the framework of horizontally conformal submersions. Consequently, the curvatures
of SS-metrics may be computed using the fundamental equations of horizontally conformal
submersion. Indeed, we will adopt this approach to compute the different curvatures of (E, G).

4.2.1 The Riemann curvature tensor

Recall that we denote by A and T the fundamental tensors of w. The tensor T' = 0 because
7 has totally geodesic fibers (cf. [13]). So, using the formulas of Theorem 6, we compute the
different components of R. Since the vector field grad(%), as well as some components of the
covariant derivatives of A, appear in the fundamental equations, we begin by the following
preparatory lemmas.

First of all, recall that given {e;}1<i<n a linear orthonormal frame on U C M, shrinking
U if necessary, and {op}1<p<i a local orthonormal frame of £ on U, then set

E; = 6_5016? . Enyp= 6_5020;;.

Hence {E;}, with I = 1,...,n,...,n + k, is a linear orthonormal frame of E. We refer to such
a frame as an induced linear frame.
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Lemma 12. ( [9]) grad(e?#1) = grad( = 4y, e2P1=2¢2¢

)\2)

Proof: Let {E;} be an induced local orthonormal frame, then by virtue of Lemma 3, we
have

n+k

grad(e?') = Y " Er.(e*")E;
I=1

S
>

Z (679016?.62901) (e*“’le?) + Z (673"205.62@1)(67“’20;)

1 p=1

<.
Il

[
M=

e %2 (05.62“"1 a;’)

kS
Il
—

k
= 4@362@1 —22 Z gb (Up)ap

p=1
= 4¢] e2P1 _29”2{.

Lemma 13. ( [9]) Let A be the fundamental tensor of the projection 7w : (E,G) — (M, g).
If X, Y, Z are horizontal vectors and V,W are vertical vectors, then

(i) (Fv A =

(ii) (VxA)w = — (afb(W)AX + AS(X,W)));
(iii) v((@XA)YZ) - %(RS(W*VXY, Z) + RE(Y, "V x Z) — m*DxRE(Y, Z)),
(iv)

V((%A)XY) — T Dy AxY + co(U, AxY) g€ + b(€(U)AxY + & (AxY)U)
— 208 (U)AxY — Asw,x)Y — AxS(U,Y),

where S is the H-valued (1,2)-tensor field defined in Proposition 25.

Proof: (i) follows using Lemma 1 and the fact that 7" = 0. To prove (ii), we must compute
explicitly the expression of AxW. By virtue of Proposition 25, we have

AxW = V(Vax HW) + H(Vyx VIV)

(V
(VxW)

(*DXW+a£( )X+S(X,W))
:afb( W)X + S(X, W),

where a = 2¢] and S is the H-valued (0, 2)-tensor given by

e2p2
(4.2.1) PUS(XY), 2 = = (<R€(X, Z),Y)p + (RE(Y, Z),X)E) .
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Then, since A is horizontal, we have

(VxA)wE = Vx(AwE) - Ag _E — Aw(VxE)
= —A¢ wE.

Now, we prove (iii) using just the expression of the Levi-Civita connection V, we have

(VxA)yZ =Vx(AvyZ) — A yZ — Ay(VxZ)
= Vx(erlY, Z)ue — SRV, 2))
—Aye vZ— Av(Vx2).
By virtue of Propositions 25 and 27, we have:

~ 1 -
o V¥ =" VxV + (X, V)€ — JREXY), thus HVxY = 7' VxY,

e V& is horizontal,

e AyR¢(X, Z) is horizontal;

hence
V(?X (cx(Y, Z)as€ — %RE(Y, Z))) - V(ch.<Y, ZYm€ + a1 lY, Z) v x€
- % [7*DxRE(Y, Z) + a&’ (RE(Y, Z))
+S(X,RE(Y, Z))])
(4.2.2) = XY, Z) € — %W*Dxnﬁ(y, Z),
V(Aye v Z) =V(ArvxyZ) = V(Varvygy Z)
(4.2.3) = el (T*V XY, Z)p€ — %Rf(w*vxy, Z),
and
V(Ay(VxZ)) =V(Vy(HVxZ)) = V(Vy(m*Vx Z))
(4.2.4) = (Y, m*VxZ)p€ — %RE(Y, ™VxZ).
Then
v((@XA)YZ) — o XY, Z) i€ — %W*Dxnﬁ(y, )
— e (T*V XY, Z) € + %Rf(ﬂ*VXY, Z)
— (Y, T*Vx Z) p€ + %RE(Y, TV xZ)
(4.2.5) - % (RE(W*VXK Z) + RE(Y, m*Vx Z) — m*DxRE(Y, Z)),
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and
v((@UA)XY) -V [@U(AXY) —Ag,xY - AX(@UY)]
= T DyAxY + co(U, AxY) g€ + b(€(U)AxY + € (AxY)U)
— Ao yxrswx)Y — Ax (@€ (V)Y + S(UY))
= T DyAxY + c2(U, AxY) g€ + b(£ (U)AxY + € (AxY)U)
— 208’ (U)AxY — Agwx)Y — AxS(U,Y),
where a = 29, b = 2¢h, ca = —2¢s. [ ]

Theorem 19. ( [9])Let 7 : (E,G) — (M, g) be a vector bundle endowed with a spherically
symmetric metric G. If X,Y, Z, H are horizontal and U, V,W, F are vertical vectors, then

G(R(X,Y)Z, H) = 2 g(n*R(X,Y)Z, dn(H)) + 24 ((RE(X, 2), RE(Y, H))i

~ (RE(Y, Z), RE(X, H))p + 2(RE(X,Y), RE(Z, H)) g )

(4.2.6) + 2 et =22 (<X NS(Y,8),ZNH)p + (S(X, ) NY, Z NH)y
+2ar(X AY, Z N H)yp )
— dr(ph)2eM 22X NY, Z AN H) g
2) G(R(X,Y)Z,U) = e (<R’f([X, Y], Z) 4+ RE(Y,n*VxZ) — RS (X, m*Vy Z),U)E
; V(7" DyRE(X, Z) — n*DxRE(Y, Z),U) E)
G(R(U, X)Y,V) = 4e* (219 — (¢1)* = o] ) (X, V)& (U)E' (V)
— 20 (2r¢h + 1) (X, Y)Y (U, V)E
+ e2¢2 ( — 20, (RE(X,Y),U) g€ (V) — %WDURé (X,Y), Vg
(128) — VORS(X YU V) + 0 (U)(RE(X,Y), V)i
— (Aswx)Y + AxS(U,Y), V)E)
+ 21 (26 (€ (U)X, SV, V)
+ (V)Y S(X,U))ar) + (S, X), S(V. Y e ).
(4.2.9) G(R(U, V)W, X) =0
(4.2.10) G(R(U,VYW,F) = G(RY(U, V)W, F),
where
AxY = ci(X,Y) € — %Rf(X, Y)
and

RY(U, V)W = R™ P (U, V)W + 4(¢ — (¢5)*) (& (W)U AV)E = (U AV, E ATW)E)
+4(h + 1(05) ) (U AV)W.
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Proof: T = 0 because 7 has totally geodesic fibers. The projection 7 is a horizontally
homothetic submersion with dilation function A(e) = e=#1(") with r = |le||? = h(e,e). Since
A depends only on r, then by virtue of Lemma 12, we have

1
(4.2.11) grad(y5) = 421 202¢
hence
1 1 1
lgrad(5y)I1? = Glgrad(sy), grad(5y))
— G(4¢/162<P1*2s02€’ 4@/162%*2@25)
(4.2.12) = 167 ()% 22,
1
Moreover, using Proposition 25 and the expression of grad( )\2), we have
= 1 = ! 2p1—2p2
ngmd(ﬁ) =Vx (4(,016 5)
(4.2.13) = (41€*17222) (S(X, €) + aXE(€)),

where S is the H-valued (1,2)-tensor defined in Proposition 25 and a = 2¢). Combining
equations (4.2.12),(4.2.13) and (1.3.13), equation (4.2.6) follows.
By virtue of Lemma 13, we have

GR(X,Y)ZU) = G((VxA)y Z,U) - G(VyA)xZ,U)
- %G(Rﬁ(w*vXY, Z) + RE(Y, 7"V x Z) — 7 DxRE(Y, Z), U)

1
- 5G(R’E (T*Vy X, Z) + RE(X, 7*Vy Z) — 7" Dy RE(X, Z), U)

22
= - ((REIX, Y], 2) + RE(Y, 7V Z) = RE(X, 7 Vv 2), U)g

+ (7" DyRE(X, Z) — w*DxRE(Y, Z)) E)

which is nothing but equation (4.2.7).
Again Lemma 13 implies

(4.2.14)
GR(U, X)Y,U) = G(Vx A)y Z,0) ~ G(Vy A)x Z,0) + Ng(AxY, U)g(V, grady(55)).

We have

1 1 I 2p1—2p2
(4.2.15) g'rad(p) = grady(ﬁ) = 4dpie £,
on the other hand, we have
(4.2.16) AxU =H(VxU) = a8 (U)X + S(X,U),

and by virtue of Lemma 13, we have
V(VuA)xY = m*DyAxY + e2(U, AxY) g€ + b(& (U)AxY + € (AxY)U)
—2a€"(U)AxY — Aswx)Y — AxS(U,Y).
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Substituting from equations (4.2.15), (5.2.3), and (5.2.4) into (4.2.14), we get

G(R(U,X)Y,V) = 2?2 (n* Dy AxY + co(U, AxY) g€ + b(& (U)AxY + & (AxY)U)

- 2a§b(U)AXY AS UX)Y AxS(U,Y),V)g
+ %21 (4(p WX, Y ) ar + 200 (€ (U)X, S(Y,V))ar
+ev ><Y,S<X,U>>M) (S(U, X), S(V,Y ) )
+ 401228 (V){AxY, U),
but
™Dy AxY = 7Dy (e (X, Y ) p€ — %Rf (X,Y))
= —4&(U) (] + 204 () — h)) > 22X, Y ) € + e (X, V) nU
- %W*DURf (X,Y)).
Thus
GR(U, X)Y, V) = 2 (= 4(¢] + 261 (¢ — )€ 22 (X, V)€ (U)E (V)
+ e (X, V) (U, V) — %(w*DURg (X,Y),V)g
+ e (X, V) (U)E(V) = ZREX,Y),U)pg (V)
Fbey (X V)@ (VIE(U) — S {REX,Y), V)€ ()
Fb(rer (X, V) — € (RECXY)) (U, V)
— 2ac1 (X, V)€ (U)E (V) + af (U)(RY(X,Y), V)
— (Agwx)Y + AxS(U,Y), V>E)
+ 221 (4(p1)2€ (UE V)X, Y ) + 20 (€ (U)X, S(Y, V)
+E V)Y, S(X,U)ar) + (S0, X), S(V.Y))

4612020 (V) (e X, V)€ (U) — (RE(X, V), U)),

hence

G(R(U,X)Y,V) = 4e*' (206 — (1) — ) (X, Y)a& (U)E (V)
— 2¢ (27”@'2 + 1)62@1 (X, Y)m(U, Vg

&2 (<9 (REX, V), U)p€(V) — L (w* DyRE(X, ¥), V)
SR Y UV )i+ € (U)(RE(X,Y), V)

— (Aswx)Y + AxS(U,Y), V)E)

+ e (201 (£ (U)X, SV, V)

+ & (VY. S(X,U))n) + (S(U, X), SV, Y ) )

Finally, a long but routine computation, using Proposition 25, gives equation (4.2.10).
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When the connection D is flat, the expressions of the curvature tensor become substantially
simpler. In this case, the author of [13] computed the curvature (1, 3)-tensor field in a direct
manner. Before we state Albuquerque’s results, let’s fix the following notations:

1. (o =7%g, (,) g =n*h and (.,.) = 7*g ® 7*h;
2. For vectors X,Y, Z € TFE, set

(X AY)Z = (Y, 2)X — (X, Z)Y;

3. For vectors X, Y, Z, W € TFE, set

(XANY,ZANW) = (X, Z)Y, W) — (X, W)Y, Z).

Proposition 51. Assume that D is flat, and let X,Y,Z € X(E). Then the curvature tensor
of (E,QG) is given by:

1. RXE Yoy ZH = R(XH YY) ZH 4 (p))2eX0r—02) (X H A Y HYZH,
2. RXH vHyzV =0
3. R(XT YY)z =X er=e2l (X 7 [4(p] + (1) — 20160)€" (Y V)€
+2(2ro1ey + o)V ];
4 RXT YY) ZY =[4(20105 — (¢1)” — €V V)E(ZY)
= 22reheh + oYY, Z2V)] X,
5 R(XV,YyVyzH =,
6. R(XY,Y")Z" =4 — () [€ (2 )XY AYY)E
— (XY AYY 6N ZY)E] + Al + r(eh)*) (X AYY)ZY
The latter formulas will be of great use in the study of spherically symmetric metrics on
vector bundles endowed with flat connections. Fortunately, the computations accomplished

in Theorem 19 agree with the formulas of curvature on the zero section found in Proposition
49, as well as the expressions of the curvature tensor in the case of flat connections (cf. [13]).

4.2.2 The Ricci curvature tensor

This section is devoted to the computation of Ricci Curvature which will be analysed in the
subsequent sections in order to find, if possible, Einstein spherically symmetric metrics.

let {E;}, for I =1,...,n,n+1,...,n+ k, be the linear orthonormal frame on E induced
from a linear orthonormal frame {e;} of M and an orthonormal frame {o,} of E, given by

E; = e*"“egZ ; BEnyp=e"0,.

The Ricci curvature tensor Ric is expressed in this local frame as

n+k
(4.2.18) Ric(X,Y) =Y G(R(X,E[)E.Y),
I=1

then
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Proposition 52. ([/12/)The Ricci curvature of (E,G) at any point e € E is totally determined

by
Ric(x ", yH)
= Rie(X,Y) ~4(r{(k — 2)¢heh + & 4 nlgh)?} + ot )P (X ¥,
(- n)gh — kehe? + EREXH, ¥H))
3e2p2—2p1
4.2.19 E(vH _h & h vH
(219 = S REM, o), Rl Y )
i=1
k
1
-3 Z ( s (REXT YY), 00)E + 2(Ag(oy xm)Y " + Axn (S(o,Y™)), 0p)p
_ 262@1—2@2 <S(O'p,XH), S(O';,YH»M)
— 20221
RiC(XH7YV) = BT Z {<R£([XH7 6?], 6?) + Ré(e?ﬂr*vXHezh)
(4.2.20) i
— (XM, (Vere)), YY) + (Do (REXH, ), YY)}
Ric(XV,v")
n
= 4{(1 = k) (¢ + (¢h)?) = (¢ — (b)) — S (2rh + 1) J(X Y, Y V)
(4220 adn(2eheh - (017 - ¢1) + (2= k) (@5 — (e)?) JE(XV)EY)

n

+Z XV h YV h)>M
=1

for all X7 YH ¢ H, and ZV, TV € V., where Ric is the Ricci tensor of (M,g), X =
(dm)e X" and Y = (dn) Y H.

In the case of flat connections, we recover the same formulas found in [12]. More precisely,

we have:

Proposition 53. ( [12]) Assume that D is flat, then the Ricci curvature of (E,G) at an
arbitrary point e € E is totally characterized by

1. Ric(XH, YH) =Ric(X,Y) — 4e21—%2) [ggpll
+r e +n(p1)? + (k - 2)s0’1w’2]}9(X, Y),
2. Ric(x¥,z") =Ric(z", X" =0,
3. Rie(2",T") = = |2n(2rd0h + 91) + 4k = 1)(h + 7(¢5)?)
+ 4r( — ()] (27, TY) = [an(e] + (91)? - 2¢16h)
4k = 2)(5 — ()D€ (2N ),
for all X® YH ¢ H, and ZV, TV € V., X = (dm) X" and Y = (dr).Y?
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4.2.3 The sectional curvatures

This subsection concerns the computation of the sectional curvature of (E, G). Using Theorem
7 and Proposition 28, we obtain:

Proposition 54. Let 7 : (E,G) — (M, g) be a vector bundle endowed with a spherically
symmetric metric, then:

i) If X and Y are orthonormal horizontal vectors, then:
3
Ka(X NY) = e 2 Ky(dn(X) Adn(Y)) — 4r(¢h)?e 27 — ZIIRg(X V)%

i) For X a horizontal vector and V' a vertical vector such that | X| = ||V|| = 1, then
Ka(X AV) =4())*(€(V)? + S(X, V)|
iii) For orthonormal vertical vectors U,V , we have
Ka(UAV) = Ko(UAV) +4(d — (¢0)?) ((€(V)* = (€(1)7)
—4(h +1(h)*)e 2,

where

Ko(UAV) =GR P(U,V)V,U),

and K4 is the sectional curvature of (M, g).

Proof:
1. Let X and Y be orthonormal horizontal vectors, then by virtue of Theorem 7, we have
2 3 o M LN
Ea(X NY) = A Ky(dn(X) Adn(Y)) = LIVIX, Y|P = —Fllgradv(3)ll

= PR, (dn(X) A dr(¥)) ~ SRS V)P
4
- % (Gap 17202, 4 21 7202¢))

3
= ¢ P K (dn(X) Adn(Y)) ~ leﬁg(KY)ll2 — dr(ph)%e72,

2. For X a horizontal vector and V' a vertical vector such that || X| = ||V = 1, by virtue
of Theorem 19, we have
Ka(X AV) = [AxV]?,

where
AxV =H(VxV) = a8 (V)X + S(X,V),
hence
|AxV|?* = G(AxV, AxV)
=G (V)X +S(X,V), a8 (V)X + S(X,V))
= 4(1)*(€(V))* + 208 (V)G(S(X, V), X) + [|S(X, V).
By virtue of Proposition 25, we have

G(S(X,V),X) = e (S(X,V), X)a = g

((RY(X,X),V)g) =0,
hence the formula follows.
3. Equation (iii) is just Proposition 28.
| ]
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In the case of flat connections, one can make a direct computation using Proposition 19
without any assumptions on vectors. Indeed, we have:

Proposition 55. Let X,Y € T.E be such that {X,Y} is an orthonormal system of vectors,
and set X = XH + XV YV =YH + YV Then

Ka(X,Y) =% [Ky((dn)e X, (dm)eY) — dr(p)) e 2] | XA Y T2
4 + (1) — 26 e 26 (X V) (V) (X, Y )
— (€)X — (€ (XYY P
+ 264 (1 -+ rph)e [2X Y, YV )X v )
— VIR X2
+4(p — (#h)P)e?2 26 (X ) (Y V)XY, YV )E, X))
— XV - e (VXY
— 4ph(1+reh)e? XV A YV,

where K4 is the sectional curvature of (M, g).

4.2.4 The Scalar curvature

We compute the scalar curvature of the manifold (F,G). For the sake of precision, we will
use the following notation: ||.||2, = (.,.)ar and ||.|% = 7*h(.,.).

Proposition 56. The scalar curvature of the Riemannian manifold (E,G) is given by
<. k
Sc = e 21 S 4 4202 [ — n(r{(k - 2)pl 05 + @ + n(cp’l)z} + 5@’1)

+ 7“{”(2<P/1<P/2 = (1)? = o) + (2= k)(5 — (90’2)2)}

+ k{ (1= B) (¢ + (b)) = (e — (eh)) — S (2reh +1) }

(4.2.22)

3 1
O pEN2 o tq)2 }

where Sc is the scalar curvature of (M, g), ||S|3, =231, Zl;:1 HS(G;’,e?)H?V[ and ||R8||% =
Z?,j:1 ||R£(6?7 6?)”2'
Proof: Let {Er}i—1,. n+kr be an induced local orthonormal frame, then

n+k

Se=>" Ric(E;, Ey)
=1
n - k o
= Z e 21 Ric(el el) + Z e_QWRic(a;’, op)-
i=1 p=1

By virtue of Proposition 52, we obtain

— k
Ric(ef',e}) = Ric(ei, ;) — 4¢27 72 (1{(k = 2)pieh + @ +n(@))*} + 1)

3e2e2—201 & b b2 L 2012 - B2
L — E IR (e, e)[|7; + €291~ 22 E 1S (o, e ) s
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We have also

Rlc(ap, op)

= 4{n(2¢0h — (D)2 — &) + (2 = k) (% — (#1)?) }€'(0})?

+ 4{(1 — k)(9h + (b)) = (s — (eh)?) — S (2reh +1) }

+ZHS p7 z Z<Rﬂ-* (O'p,O'q)O'q,O'p>E

q

But R™P (0p,04)0, = 0 by definition of the pullback connection.

Hence, the scalar curvature is given by
~ k
Sc=e 21 5c e 22 [ —4n (r{(k — 2)@19h + ¢ + ()} + 5@’1)
+ 47"{71(2@’190’2 — () =) + (2= k) (o5 — (90’2)2)}

+4k{(1—k)(<p’z+r(s0’2))—r(soz () — 1 2reh +1) |

+5 Zunﬁ IR+ 23S (et el )I3)-

7,j1 i=1 p=1

M\:

Again we recover our previous computations in the case of flat connections (cf. [12]). In
fact we found the following:

Proposition 57. The scalar curvature of (E,G) is given by
Sc =e~2#18¢ + 6724”{ —4n {r(24p’1’ (n+1)())? +2(k — 2)p)ph) + kgo’l}

+4(1— k) [ (205 + (k= 2)(6h)?) + hh] }-

4.3 Curvature properties of SS-metrics

This section is devoted to exploit the computations accomplished so far in order to study
curvature properties of (E,G), that is to determine under which conditions the manifold
(E,G) is flat, of constant sectional curvature, an Einstein manifold or of constant scalar
curvature, provided that the base has the respective property. We distinguish two cases: the
general case when the connection is arbitrary and the case of a flat connection. We shall begin
by the general case then we will specialize to the flat case.

4.3.1 The general case

We begin by characterizing flatness of SS-metrics. By virtue of Proposition 49, the flatness
of the total space implies that of the base. The following theorem gives a definitive charac-
terization of flatness of the total space.

Theorem 20. Let (E,G) be a vector bundle endowed with an SS-metric. If (E,G) is of
constant sectional curvature kg, then kg is non-negative. Furthermore, (E,G) is flat if and
only if the following hold:

1. the base (M, g) is flat,
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2. the connection D is flat,
3. the weight functions @1 and pa are constant.

Proof: If (E,G) is of constant sectional curvature k¢, then (ii) of Proposition 54 implies
that kg > 0.

Now, if (F,G) is flat, then (M,g) is also flat by virtue of Proposition 49. Moreover,
equation (ii) of Proposition 54 implies that for a horizontal vector X and a vertical vector V'
with || X|| = ||V|| = 1, we have

4P )HEWV)? + IS V)P =0,

which yields (¢})%(&”(V))? = 0, for any unit vertical vector field V and S = 0. Hence ¢} =0
and R¢ = 0, which implies at once that ¢; is constant and D is flat.
By virtue of equation (4.2.10), we have

4 = (@0)*) (E W)U AV)E = (U AV, EAW)E) +4(ph + r(05)*) (U AVIW =0,
for vertical vector fields U, V,W. Taking W =V = ¢ and U L £, we get

(4.3.1) 4((h = (0)*)r + (¢ + 7(9)*)) (U AV)E =0,

which yields the ODE

(4.3.2) (0 — (©5)*)r + (bh + r(ph)?) = reh + @5 = 0.

Set ¢ = ), then we get the equation r¢’+1) = 0. The general from of the non-trivial solutions
of the later ODE is ¢ = In(%) + ¢ for real constants c. Those solutions are not smooth at
zero on the right, and hence the only solution to this ODE which meets the requirements of
a weight function for an SS-metric is the trivial solution. As matter of fact ¢ = 0, which
implies that @9 is constant. The converse is obvious. [

Remark 14. In [13], R. Albuquerque studied the holonomy of the spaces of self-dual and anti-
self dual 2-forms when endowed with a class of SS-metrics. Let M be a self-dual Einstein
(resp. anti-self dual Enistein) manifold, and let E = A2T*M (rvesp. E = A2T*M) endowed
with the connection D induced from the Levi-Civita connection of (M, g) and let h be the
metric fiber endowed from g. The author of [13] endowed E with the spherically symmetric
metric given by

2
C
4.3.3 Gepdy = 1/ 23sr + don*g ® —2—7%h,
( ) co,do 0 0T g /726387“+d0

1
where ¢y, dy > 0 are constants and s = ESC, with Sc is the scalar curvature of M. The

spherically symmetric metric weights are
1 2 1 2
o1(r) = 1 In (2cosr + do), w2(r) = In(cy) — 7 In (20037“ + do).

It has been proved that when s # 0, the holonomy of (E, G, 4,) is G2, the author of [13]
also proved that when the base is a K3 surface, the holonomy is SU(2).

We give here another example in the case s = 0, for which the holonomy is not G2. Indeed,
let (M, g) be any flat Riemannian manifold, hence s = 0 and the two functions ¢1 and o
are constant. Furthermore, the connection D is also flat since it stems from the Levi-Civita
connection of (M, g). Therefore, (E,G¢, 4,) is flat by virtue of Theorem 20.
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A much stronger rigidity result concerning sectional curvature may be derived. More
precisely, we prove that, under some monotony conditions on (1, an SS-metric could not be
of constant sectional curvature unless it is flat.

Proposition 58. Assume that @1 attains its minimum at r = 0 (in particular if ¢1 is in-
creasing). If (E,G) has constant sectional curvature, then it is flat.

Proof: Assume that (E, G) has constant sectional curvature k¢, then by virtue of Propo-
sition 49, (M, g) has also constant sectional curvature given by kg = 210 k.

The first equation of Proposition 54, implies that, for arbitrary orthonormal horizontal
vectors X,Y, we have

3
(4.34) rg = e 210 (21 Ong) — dr(p))?e 2 — JIRS(X, Y|P,
which yields
(4.3.5) kg (1 — 2P Q=01 4 g (p))2e 202 = —z\mf(x, V)2

Since ¢1(r) > 1(0), for all r € [0, +00), and kg > 0 by virtue of Theorem 20, then equation
(4.3.18) yields ||RS(X,Y)||? = 0 for horizontal vector fields X and Y, thus D is flat. Again
(4.3.5) implies that ¢} = 0.

Thus, equation (ii) of Proposition 54 implies that kg = 0, which implies at once that
(E,G) is flat. ]

Since SS-metrics show a strong rigidity regarding constancy of the sectional curvature, we
are compelled to look at the sign of the sectional curvature. We have the following:

Corollary 10. If (M, g) has non-positive sectional curvature, then the sectional curvature of
(E,G) changes its sign.

Proof: The first equation of Proposition 54 implies that Kg(X AY) < 0 for orthonormal
horizontal vectors X,Y. On the other hand, equation (ii) of Proposition 54 implies that
K(X ANV) >0 for any vertical vector V and any horizontal vector X such that {X,V} is an
orthonormal system, hence the result. [ |

We fix the following terminology: a 2-plane is said to be horizontal (resp. wertical) if it
lies completely in the horizontal distribution (resp. vertical distribution).

Corollary 11. The sectional curvature K4 has the same sign of Kg on horizontal 2-planes.
In particular, if Kq is non-negative then K, is non-negative.

Proof: It follows from Proposition 49. [ |

Proposition 59. If the sectional curvature Kqg is non-positive, then the following hold:
(i) D is flat,
(it) Kg4 is non-positive,
(iv) p1 is constant.

Proof: Equation (ii) of Proposition 54 implies that S = 0 and ¢} = 0. Furthermore,
Proposition 49 implies that K, has the same sign as K¢ on horizontal 2-planes. [ |

74 4.3. Curvature properties of SS-metrics



CHAPTER 4. CURVATURES OF SPHERICALLY SYMMETRIC METRICS

Summing up, flatness of spherically symmetric metrics is characterized. Further, if ¢ is
increasing, then spherically symmetric metrics of constant sectional curvature are necessarily
flat. Moreover, the sectional curvature of the base manifold has the same sign as the sectional
curvature of the total space on horizontal 2-planes. On top of this, the non-positivity of
K implies that of K, the flatness of the connection and 1 is constant. Under all of this
considerations, one would like to investigate SS-metrics G with bounded sectional curvatures.
There are strong reasons to believe that the same rigidity regarding sectional curvature arises
in this context. To illustrate more, we consider the situations described below.

Proposition 60. Assume the base (M, g) is flat and the sectional curvature of (E,G) satisfies
|Kg| < Cq, and the weight functions @1 and po are given as follows

(i) 1(r) = VCar + 1,

(i) @ar) < 5 In(2r),

then D is flat.

Proof: From equation (i) of Proposition 54, we get
3
RS X Y2 = —(Ka(X AY) +4r(p)%e ™),

but
Ka(X ANY) +4r(¢))%e 22 > —Cq + 4rCue= 27201 = O (47‘6_2“"2 - 1).

Under the hypotheses on the weight functions, we have (47‘6_2“’2 — 1) > 0. Thus (Kg(X A
Y) + 4r(¢))%e7292) > 0, hence ||RS(X,Y)|?> =0, thus D is flat. n

Remark 15. The previous example indicates that spherically symmetric metrics with bounded
sectional curvature are unlikely to exist. In the case of flat connections, the present authors
constructed examples of bounded geometries (cf. [12]).

As the reader may agree, the expressions of the curvature tensor, Ricci tensor, sectional
curvatures and scalar curvature are so complicated that their analysis seems to be impossible
in full generality, hence the restriction to a subclass of SS-metrics is in order. A subclass of
particular interest is given by spherically symmetric metrics with weights 1 = 0 and 3 is
arbitrary, that is those SS-metrics for which the projection maps are Riemannian submersions.

Henceforward, assume that G is an SS-metric with ¢; = 0. Since having constant scalar
curvature is a weak geometric property, we begin by analysing scalar curvature in this case.

It is clear from the expression of scalar curvature that if the connection D is flat, o is
constant and (M, g) is of constant scalar curvature, then (E, G) has constant scalar curvature
coinciding with the scalar curvature of the base. Investigating the converse is the aim of the
following result.

We begin by an interesting result in the case of line bundles, that is a vector bundle with
rank k= 1.

Proposition 61. Let (E,G) be a line bundle endowed with an SS-metric, then (E,G) is of

constant scalar curvature Sc if and only if (M, g) is of constant scalar curvature Sc = Sc and
D is flat.

Proof: If (E,G) is of constant scalar curvature Se, then by virtue of Proposition 49,
the Riemannian manifold (M, g) has also constant scalar curvature Scyp = Sc. Now, taking
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1 = 0 in equation (4.2.22) yields the following
Sc = Sc+ 4e72#? [7‘{(2 — k) (o — (gpg)2)}
+ h{(1 = B)(h + r(eh)?) = 7(e§ = (#h)) }
+ RS + 113]
= Seo +4¢722 [20(1 = K)(¢§ — (¢h)?) + k(1 = k) (¢ + r(h)?)

3 1
O 2 1 2}
+ IR + 711,

where
n k
(4.3.6) ISR, =2 " 11S(on, el
i=1 p=1
(4.3.7) IRENE =D IR (el el
ij=1

Since k =1 and Sc = :S’E, we obtain
3 1
SRS + 1513, =0,

which implies that R¢ = 0, and hence D is flat. The converse is straightforward.

Proposition 62. Let (E,G) be a vector bundle of rank k > 2. Assume that the weight

function @9 satisfies the following:
1. @3 s an increasing function,

2. ¢k is a decreasing function.

Then, (E,G) is of constant scalar curvature if and only if (M, g) is of constant scalar curva-

ture, D 1is flat and @o is constant.

Proof: Assume that (E, G) is of constant scalar curvature S, then so is (M, g) with scalar

curvature Sco = Sc — 4k(1 — k)e= 2220 (0).
On the other hand, from the proof of Proposition 61, we have

Se = Seg +4e722 [ 20(1 = k) (¢ — (¢4)2) + k(1 = k) (0} + 7(25)%)
3 1
£112 - 2
+ = IREIE + 711 .

Thus

— k(1 = k) 2720p(0) + 4722 [27“(1 = k) (@5 = (#2)%) + k(1 = k)(h +7(£5)?)

3 1
&2 4, Liop2 } _
+ IREIE + 18I =0,

hence

(4:3.8) 8r(1 = k)e 2720 (0 (r) — (95(r))%) + 4k(1 — k)e™272) (i (r) — 2200220 3 (0)

o[ 3 1
+ 1(h(r)?) +4e=2020) [ SRS + 21181 | =0,
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Since s is increasing, we have ) (r) > 0 and e2(#2(0=¢2(0)) > 1 thus @) (r)—e2(#2(N=¢20) ! (0) <
©h(r) — ©5(0) which is negative since ¢} is decreasing. Further, (¢ — (¢4)?) < 0. Thus all
terms of equation (4.3.8) are positive, hence they vanish.

Thus |R¢||% = 0, whence R¢ = 0 which yields D is flat. Again equation (4.3.8) becomes

(1~ Kje40(gl(r) — (A4(r))?) + 4K(1 ~ K) (2O gh(r) — =220 0)
+ Te_QS"Q(T)(gp'Q(T))Q) =0.

In particular, we obtain ¢}, = 0. [ |

Example 8. An example of metrics that satisfies the two requirement of Proposition 62 can
be obtained by taking the weights ¢1 = 0 and @a(r) = ael for r € [0, +00), where « and 3
are negative real constants.

In particular, we get a generalization of a well known rigidity result of the Sasaki metric
on tangent bundles to Riemannian manifolds (c.f [2,3,44,68]).

Proposition 63. Let (E,G?®) be a vector bundle of rank k > 1 endowed with the Sasaki metric
G®. Then (E,G®) is of constant scalar curvature Sc if and only if (M, g) is of constant scalar

curvature Sc = Sc and D 1is flat.

Another instance which goes in the same direction as before is the case of vector bundles
of rank k = 2.

Proposition 64. Let (E,G) be a vector bundle of rank k = 2. Assume E is endowed with a
spherically symmetric metric such that the function r — r¢h(r) is decreasing and ¢5(0) = 0.
If (E,G) is of constant scalar curvature, then (M, g) is of constant scalar curvature, D is flat
and @9 is constant.

Proof: If (E,G) is of constant scalar curvature, then by virtue virtue of Proposition 49,

the base is also of constant scalar curvature Sc with Sc = /Svc, since ¢4(0) = 0. On the other
hand, taking equation (4.2.22) for k = 2 yields

3 1
(4.3.9) 2(r + ¢h) + 16 IRMIE + ;1813 = 0.

Since the function 7 + 7} (r) is increasing, equation (4.3.9) implies that R¢ = 0, and hence
D is flat and (r¢f + ¢h) = 0, thus 9 is constant for the same reasons as those in the proof
of Theorem 20. [ |

Those results indicate to which extent SS-metrics are rigid regarding the connection D.
Now, we shall investigate the existence of Einstein spherically symmetric metrics. The ex-
pressions of the Ricci tensor suggest that Einstein spherically symmetric metrics are unlikely
to exist if the connection D is not flat. On the other hand, the present authors proved in [12]
that if the total space is an Einstein manifold, then necessarily the base is also an Einstein
manifold. Moreover, we proved, in the case of flat connections, that ¢; being constant is
a necessary condition for a spherically symmetric metric with weights ¢; and ¢y to be an
Einstein metric. The present authors also constructed a two-parameters family of spherically
symmetric Einstein metrics when k& > 2, the connection is flat and (M, g) is an Einstein
manifold, where the weights 1 and 9 are given as one of the following pairs:

(i) 1 and y9 are constant,

A

me*wl where A is the Einstein

(ii) 1 is constant and ¢o(r) = —In(r + ¢) with ¢ =
constant of the Einstein manifold (M, g).
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Motivated by the previous counsiderations, we assume that ¢; = 0 and we search for
Einstein spherically symmetric metrics. We prove that under a monotonicity condition on s,
Einstein spherically symmetric metrics with negative Einstein constant can not exist unless
the connection D is flat.

Proposition 65. Assume that (E,G) is an Finstein manifold with constant pu < 0. If the
function r — rh(r) is decreasing, then D is flat, and consequently (M,g) and (E,G) are
Ricci flat.

Proof: Taking equation (4.2.21) for XV =YV = ¢ gives
NT€2LP2 = /1{76(5’5) = 4T(1 - k) TSDQ + 902 Z Ea 2 57 €; )>

We conclude that S(¢,el) = 0 for all 4. Hence S(o? Tps el) =0, thus R® = 0. As matter of fact
D is flat. Again equation (4.2.21) implies that p = 0, and by virtue of Proposition 49, (M, g)
is also an Einstein manifold with constant A = uewl, thus (M, g) is also Ricci flat. [ |

Example 9. The functions ¢o(r) = —In(r + ¢), with ¢ > 0, belong to the class of functions
such that the function r — rp9(r) is decreasing.

Corollary 12. Assume that E is a line bundle. Then (E,G) is an Einstein manifold if and
only it is Ricci flat, (M, g) is Ricci flat and D is flat.

Proof: Assume that (E,G) is an Einstein manifold, then by virtue of Proposition 61 the
connection D is flat. Hence from the proof of Proposition 65, it follows that (E,G) is Ricci
flat, and hence by virtue of Proposition 49, the Riemannian manifold (M, g) is also Ricci flat.
The converse is obvious. [ |

Corollary 13. Let G® be the Sasaki metric. The manifold (E,G?) is Ricci flat if and only if
D is flat and (M, g) is Ricci flat.

The latter result generalizes a well known rigidity result on the Sasaki metric in the case
of tangent bundles to Riemannian manifolds (cf. [44]).

Corollary 14. Assume that k > 2 and (E,G) is Ricci flat. If the function r — roh(r) is
decreasing, then D is flat, (M, g) is Ricci flat and g2 is constant. The converse also holds.

Proof: By virtue of the proof of Proposition 65, one gets D flat and consequently r¢f +
©h = 0. Setting 1 = ¢}, which gives r¢’ + 1 = 0. The latter ODE has solutions of the form

1 = — which is not smooth at » = 0 on the right, hence the only admissible solution is ¢ = 0.
r

The conclusions (M, g) being Ricci flat come from Proposition 49. The converse follows at
once from the expression of the Ricci tensor. [ |

4.3.2 The case of flat connections

Throughout this subsection, we assume that the connection D is flat and we derive geometric
properties of the manifold (E,G).

In this context we begin by investigating locally symmetric SS-metrics, and we will give
a full characterization of them. Our purpose is to prove Theorem 21. For this, we need some
technical formulas and some intermediate results. Long but routine computations, using
Lemma 3 and Propositions 25 and 51, give the following:
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Proposition 66. Lete ¢ E, X" YH 7H TH c 3, and XV, YV, ZV TV € V.. Then
i) (@THR) (xH, yHyz1
= (W Vo R)(XH YH)ZH) — 2, 2e1-%2) [TF*R(XH YH zH TH)

— 2¢2(P1—2) (27“(@’1’ — b)) + 90/1) (XTAYH 71 A TH}]&;

i) (@THR) (X" yVyz¥
= 4 017%2) [2(r(0y — Phph) + ) — o)) (X, TH)(EAYY)ZY,
iii) (@THR> xV,yV)z"
= 49 [=2r(05 = (95)%) + 1 (1 + 2rp) | (XY AYY €A ZV)TH;
iv) (@TVR) xV,yV)z" =
= —4(¢ — ()1 + 200h) (XY AYV, TV A 2Y)¢
+(XVAYV, enZVYTV —28(TV V(XY AYV)ZY
— @)XV AYTY (1Y, 2V (XY AY Ve
+8[08? — 2650 — (e — (eh)2)eh| €T [€(2")(XY A YY)
— (XY AYV enZVe].

Theorem 21. ( [12]) Assume that k > 2 and let G be a spherically symmetric metric E.
Then (E,G) is locally symmetric if and only if the following conditions hold

i) o1 18 constant;
ii) either pa is constant or @o(r) = —In(r + ¢), for all r € Ry, for a constant ¢ > 0;
iii) (M, g) is locally symmetric.

In particular, (E, Q) is of constant sectional curvature if and only if p1 and w2 are constant
and (M, g) is of constant sectional curvature.

Proof. Assume that (E,G) is locally symmetric. Let e € E, such that r = ||e||? # 0. Taking
at first XV =2V =TV = ¢, and 0 # YV L &, in the fourth formula of Proposition 66, we
obtain

3
0 =12 {2(¢ — (Ph)) (1 + 2rgh) + 7|6 — 260 — Al — ()0t } Y,
which gives, by virtue of YV # 0,

3
(4.3.10) rls” = 20h8) +2(05 — (5)?) = 0,
on R% and by continuity on Ry. Putting ¢ = ¢ — (#5)?, equation (4.3.10) can be written

in the form rvy’ 4+ 2¢ = 0, whose general solution is ¢ = where A € R. Since o is C*°

2
r

on R, so is v, and consequently A = 0, i.e. 1 = 0. Tt follows that ¢4 — (©5)? = 0. Then,
by regularity considerations, it is easy to see that either ¢} vanishes identically on R or

oh(r) = —CJ%T, for all r € RT, where ¢ € R, is a constant.
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Case 1: ¢/, = 0 identically. In this case, the second equation of Proposition 66 becomes
(4.3.11) (@THR) (XA, YVVZY = —A(g))22er—e2) (X H THY(e A YY) ZY .
Putting in (4.3.11) 0 A TH = XH and 0 £ YV = ZV 1 &,, we have
4(ph)2 A X2 Y Ve = o,

and consequently ¢} = O
Case 2: ¢h(r) = C+T, for all r € Ry, where ¢ € R, is a constant. In this case, the third

equation of Proposition 66 becomes
XY AYY,enzZVITH,
c+r

Putting in (4.3.12) 0 # XV = ZV 1L YV = ¢, and supposing that TH # 0, we have by local
symmetry

(4.3.12) (VrnR) (XY, ¥V) 2" = 4(¢))?

fgC—T
0=r(y1) ctrr
We deduce that ¢} vanishes identically on Ry \ {0, ¢}, and by continuity on R.

In both cases, using the first equation of Proposition 66 and the fact that ¢} = 0, we
deduce from Vyu R(XH, YH)ZH = 0 that (M, g) is also locally symmetric

Conversely suppose we have i), %) and 7ii) of Theorem 21. Then ¢} = 0 and ¢} —(¢5)? = 0.
Substituting into %), 44) and iv) of Proposition 66, we find respectively (V,u R) (X, YH)ZH
(m*Verm* R)(XH, YH)ZH) = 0, by local symmetry of (M, g), and (VprR)(XV,YV)ZV =
(Vv R)(XY,YV)ZY = 0. On the other hand, substituting from ¢} = 0 into Proposition 51,
we find

RXH yMzV = RXH YV ZH = R(xT YV)ZV = R(XV,YV)ZH = 0.

We deduce that VR = 0, which completes our proof. O

Now, we shall be interested in sectional curvature. We begin by answering when spherically
symmetric metrics have constant sectional curvature. Using Proposition 55, we prove the
following rigidity result, of sectional curvature, similar to that of Theorem 58 but without
monotonicity assumptions on ¢j.

Theorem 22. ( [12]) The manifold (E,G) is of constant sectional curvature if and only if
w1 and w2 are constant and (M, g) is flat. In this case, (E,G) is also flat.

Proof. Suppose that (E, G) is of constant sectional curvature K. Then it is locally symmet-
ric. We claim that g is constant. If not, by Theorem 21, (9 is constant or p2(r) = —In(r+c),
for all » € R4, for a constant ¢ > 0. We have also ¢ is constant. Using Proposition 58, we
have

(4.3.13)  Kg(X,Y) = ¥ K, ((dr) X, (dm) V)| X AYH|2 + IXV AYY2,

4dc
(r+c)*
for any orthonormal system of vectors {X,Y} in T.E. If we suppose X horizontal and Y
vertical in (4.3.17), in such a way that X" = Y¥# = 0, then we have Kg = 0. On the
other hand, taking both X and Y vertical in (4.3.17), in such a way that (by orthonormality)
XV AYV|? = e %2 = (r + ¢)*, then we have ¢ = 0, which is a contradiction. We conclude
that g is constant, so by (4.3.17), we have

(4.3.14) Ko(X,Y) = e K ((dm) X, (dn).Y) | X AYH|2.

Using the same arguments as before, we obtain Kg = 0 and then the sectional curvature of
(M, g) is also constant equal to 0.
The converse in the Theorem is trivial. O
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Though in the general case there are strong indications that bounded geometries are not
likely to exist when the connection is non-flat, there exist examples of bounded geometries in
the case of flat connections. Indeed, we have:

Theorem 23. If the sectional curvature of (E, G) is bounded, then so is the sectional curvature
of (M, g).

Proof: From Proposition 55, for any orthonormal system { X, Y#} in H, (i.e a horizontal
2-plane), we have

(4.3.15) Ka(XT, Y1) = 20 Ky ((dr)e (X, (dm)e (Y 7)) — dr(gh)2e 222,
which, restricted to the zero section, yields
Ko(X" v = e O K ((dr)o, (X)), (dr)o, (Y1),

where o, is the zero vector of E,, x € M. Using the isomorphism (dn)g, : Ho, — M, and
the fact that K¢ is bounded, we deduce that K is also bounded. [ |

The converse of Theorem 23 is not true in the general setting, but we shall prove that it
remains true in some situations.

Proposition 67. ( [12]) Assume w2 > 0 is constant and take ¢1(r) = arctan(r). If the
sectional curvature of (M, g) is bounded, then the sectional curvature of (E,G) is also bounded.

Proof: We assume that K, is bounded and |K4| < Ky. Let X,Y € T.E be such that
{X,Y} is an orthonormal system of vectors, and set X = X% + XV Y =Y 4+ YV, Under
the condition ¢ = 0, we find that

K(X,Y) =" [K((dm). X, (dr).Y) — 4r(i)) 2627222 | X Y 2
A + (@)D 27 (X ) (Y V(X Y )
— (€)X — (€ (XTI
+ 2642 | 2x Y YV )X v )
— I VP - XV,
Using the orthonormality conditions, we have
(4.3.16) IXHAYH|? = et (g(X 7 XH)g(vH Yy H) — g(x " vH)?).

By definition of the metric, the Cauchy-Schwartz inequality with respect to G and the fact
s
that we have 0 < 1 < BL since ¢1(r) = arctan(r), we conclude that

(4.3.17) 2| XH AYH |2 < 2721 <2,

Again using the Cauchy-Schwartz inequality with respect to h and G and the fact that
©1,92 > 0, we prove easily that

(43.18) V)@YV YH) — (@ (YV)2IXTIE = (@ (XY < 42,

(4.3.19) 2(X Y, YV)XI V) — YV RIXE P XV PR < 4,
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and
(4.3.20) e2P17202 < T
So, by virtue of (4.3.17)-(4.3.20), we have:

(4.3.21) [Ka(X,Y)| <2(Ko +4r|¢h ™) +16(|¢] + (91)%))e™r? + 8|} |e™.

—2
Since ¢1(r) = arctan(r), we have 0 < ¢ < g, o (r) = 15,2 ﬁ
—2r

1
Thus, ¢ < 1, rgh < 5 and [(p)* + ] < 2. Furthermore, ¢ff + (¢))* = == +

/

and ¢ (r) =

1 1—2r
AT = oy s T+ (7)<
r2(1 + 2r) ) _ ot
7(1 +2)e — 0 when 7 — 400. Denoting by K; the bound of the function r — r2(|¢f +

(¢1)?]), we conclude that

r2(1+ 2r)

which is a bounded function since

|Ka| < 2Ko +4e™(3 + 4Ky),
which means that K¢ is bounded. [ ]

We consider the problem of finding Einstein spherically symmetric metrics. We begin
by giving a characterization and then we give necessary and sufficient conditions for their
existence.

Theorem 24. ( [12]) (E,G) is an Einstein manifold with constant p if and only if

a- (M, g) is also an Einstein manifold with constant X,

b- 27202 [n(2r gl g + 1) + 20k — 1) + 7(5)%) + 2r( — (eh))] = -

c- n(e] + (01)? = 2¢165) + (k = 2)(¢5 — (¥5)?) =0,

d- e2(p1=¢2) [47" [cp’l' +n())?] + )2k + (k — 2)rg0’2H + uez‘”} =\

Proof: Suppose that (E, G) is an Einstein manifold with constant u, i.e. Ric = uG. Then

by 1. of Proposition 53, we have Ric(X,Y) = A\g(X,Y), for all x € M and X,Y € T, M,
where A is the function defined, on E, by

(4.3.22) A= 20 [ar [ 4 nl@))?] + ¢ (2K + (k = 2)rgh]] + e,

Since Ric and ¢ depend only on x, A will depend only on z, i.e. A is constant on each fiber
of E. But it is obvious, from (4.3.22), that A depends only on r. Therefore A is constant,
so (M,g) is an Einstein manifold, and (4.3.22) is exactly condition d- of the theorem. On
the other hand, taking 0 # ZV =TV 1 & in 8. of Proposition 53, we obtain by virtue of
Ric(ZV,TV) = ug(ZV,TV) = ne**2(ZV,TV), the following equation

—2[n(2reheh + @) + 20k — 1)(¢h + r(h)?) + 2r(§ — (ph)?)| = e,

which gives condition b- of the theorem. Now, 3. of Proposition 53 becomes, by virtue of b-
of the theorem

(4.3.23) 41 + (1) = 201h) + 4k — 2§ — (e)D)] €(2V)E (1Y) =0,

for all ZV, TV € V.. Taking, in (4.3.23), ZV = TV = &, we obtain the equality c- of the
theorem on R* , and by continuity on R .
The converse follows immediately from Proposition 53. [ |
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Generally speaking, it is not easy to solve the system of differential equations under
conditions b-, ¢- and d- of Theorem 24. We shall then investigate the special situations when
(p1 OT o are constant.

Case 1: (9 is constant. In this case we have

Proposition 68. ( [12]) Assume that pa is constant, then (E,G) is Einstein if and only if
(E,G) and (M, g) are Ricci-flat, and 1 is constant.

Proof: Since ¢, = 0, then we get, from b- of Theorem 24, ¢| = _“;ZW. Substituting
into ¢- of Theorem 24, we obtain 1 = 0, and consequently ¢j = 0. Hence d- of Theorem 24
becomes A = pue?#t = 0. The converse follows immediately from Theorem 24. ]

Case 2: ¢ is constant.
Subcase 2.1: for k # 2, c- of Theorem 24 is equivalent to ¢} = (¢45)?, whose solutions are
given by 9 is constant and

(4.3.24) wa(r) = —In(r 4+ ¢), for all™ € Ry, where ¢ > 0is a constant.
On the other hand, b- of Theorem 24 is equivalent to
(4.3.25) 4(1 — k)ph(1 + rph) = pe?#2.

If £ = 1 then by the preceding equation we have u = 0, i.e. (F,g) is Ricci-flat, and we
deduce from d- of Theorem 24 that A = 0.
If k # 1, then we have two eventualities

e For ¢y constant, we obtain = A = 0.
e For ¢y given by (4.3.24), equation (4.3.25) gives ¢ = ﬁ. In particular g > 0.

Subcase 2.1: for k = 2, it is easy to check that the function ¢y given by (4.3.24) satisfy
conditions b-, c- and d- of Theorem 24.
Summarizing, we have just proved the following:

Proposition 69. ( [12]) Assume that (M, g) be an FEinstein manifold with constant A > 0
and consider a spherically symmetric metric G on E, such that 1 is constant.

a- If k = 1, then (E,G) is Einstein if and only if it is Ricci-flat if and only if (M,g) is
Ricci-flat and
either o is constant,

or po(r) = —In(r + ¢), for all r € Ry, where ¢ > 0 is a constant.
b- If k > 3, then (E,G) is Einstein with constant p if and only if

either @y is constant and (M, g) and (E,g) are Ricci-flat.

or = X\e**t >0 and p2(r) = —In(r + ﬁ), forallr € Ry.

c- If k # 1 and pao(r) = —In(r + ¢), for all r € Ry, with ¢ = ﬁe*wl, then (E, Q) is

an Einstein manifold, which is not Ricci flat unless (M, g) is Ricci flat.

Theorem 25. ([12]) Let (M, g) be a locally symmetric Einstein manifold of positive constant
scalar curvature, then there is a 1-parameter family of locally symmetric Einstein metrics on
E, which are not Ricci-flat.

4.3. Curvature properties of SS-metrics 83



CHAPTER 4. CURVATURES OF SPHERICALLY SYMMETRIC METRICS

Proof. The result follows from Proposition 69 and Theorem 21 by taking the family of metrics
2.2
Gy = am*g + %ﬂ'*h, parameterized by a > 0. The Ricci tensor of G, is given by

Ric = %Ga, and its scalar curvature is constant equal to @ > 0. ]

Notice that the metric G, depends on the rank k of E. But if we require the solutions of
the system in Theorem 24 to be independent of the dimension n of M and the rank k of E,
then the only solutions are ¢ and 2 are constant.

Finally we draw attention to the scalar curvature of (E,G) in the context of flat connec-
tions. Theorem 18 implies that if (E, G) has constant scalar curvature, then so is (M, g). In
some special cases, we have the converse.

Proposition 70. Assume that ¢1 and ps are constant. Then Sc = e~2%18¢c, thus Sc is
constant on each fiber of E.

Proof: Proposition 57, for ¢} = ¢}, = 0, gives Sc = e~ 271 Sc. (]
Concerning the sign of the scalar curvature of (E, g), we have:

Proposition 71. Assume that @1 (resp. @2) is constant and @ and ¢y (resp. 1 and ¢')
are increasing functions. If S is negative, then S is negative.

Proof: If ¢ (resp. y2) is constant, then Proposition 57 gives the following equation

Sc=e 218c—4(k — 1) [r(2gp’2’ + (k—2)(ph)?) + kgpé}

(resp. Sc= e 215¢c — 4n [T(QQOII/ + (n+ 1)())?) + k:gp’l})

which implies that, if @}, 5 > 0 (resp. ¢}, @] > 0) and Sc is negative, then Sc is negative. m
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Chapter 5

On harmonic sections

Motivation

In the realm of Riemannian/differential geometry, many important geometric objects arise
as solutions to variational problems (e.g. Einstein Metrics, Yang-Mills connections,...etc)
[77]. Harmonic maps also arise from a natural variational problem on Riemannian manifolds
associated with the energy functional (cf. [24,25]). In the context of general vector bundles,
a class of mappings is of special interest, namely sections. The harmonicity of sections, as
smooth maps, has been studied by many authors e.g. [36,55,60] in the context of the tangent
bundle, and [43] in the context of vector bundles.

In his theory of harmonic sections, C.M. Wood introduced another concept of harmonicty
in the framework of sections of fibre bundles which generalizes, in some sense, the notion of
harmonic maps (82,83, 85|, that he called vertical harmonicity. Wood defined the so-called
vertical energy and vertical tension field from which we recover the classical energy functional
and tension field when we restrict ourselves to the trivial bundle.

Harmonicity of sections was, in almost all works, studied when the total space of the
considered vector bundle is endowed with the Sasaki metric [36,43,60]. Nevertheless, some
works were performed with more general classes of metrics e.g. g-natural metrics on tangent
bundles [55] or the Cheeger-Gromoll type metrics on vector bundles in the large [49]. To the
best of our knowledge, for general vector bundles, the study of harmonicity of sections, as
smooth maps, is done when the total space is endowed with the generalized Cheeger-Gromoll
metric. We investigate the harmonicity of sections of vector bundles when the total spaces
are endowed with spherically symmetric metrics. More precisely, we shall be interested in the
following three variational problems:

Problem 1: finding harmonic sections as smooth maps, that is finding critical points of
the energy functional with variations through smooth maps.

Problem 2: finding vertically harmonic sections, that is finding critical points of the
vertical energy functional.

Problem 3: finding critical points of the energy functional with variations through
smooth sections.

In this chapter, we give the necessary and sufficient conditions under which the previous
problems admit solutions, and we will also present the solutions when they exist. Moreover,
we consider the stability problem of solutions. Finally, in order to illustrate the results found,
we give a multitude of examples.
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5.1 Preliminaries

Let (M, g) and (V, k) be two Riemannian manifolds, and let ¢ : M — N be a smooth map.
The pullback of k£ by ¢ is the (0, 2)-tensor field on M given by

(¢*k)x(X7 Y)= k¢(x)((d¢)xX7 (dp):Y ),

forall x € M, X,Y € T, M. The differential of ¢ is the smooth map d¢ : TM — TN given
by dp(X) = (dr(x)®)(X), for all X € TM. Thus d¢ is a section of the bundle T*M ® ¢*T'N
ie. dp €e IN(T*M @ ¢*TN), where ¢*T'N is the pullback of the vector bundle TN by ¢.

1
Set e(¢) = =||do||?, where ||.|| is the Hilbert-Schmidt norm of ¢, then e(¢) is a smooth
2

function on M called the energy density of ¢. It is locally expressed as follows

n
Z k(E;, E;),

where {E;} is any linear orthonormal frame of M and n = dim(M).
If the manifold M is compact, then the energy functional of ¢ is defined to be

1

e(p) = 5157“9 o'k)

l\')M—t

(5.1) e@)=3 | laolPv,

where vy is the Riemannian volume element of (M, g). The energy functional can be written as

¢) = [1;€(¢)vy. The energy functional is generally denoted by E(.), but to avoid confusion
with vector bundles E, we have chosen to use the notation £(.) for the energy functional and
to maintain the use of E for vector bundles.

Let us denote by V9 and V* the Levi-Civita connections of (M, g) and (NN, k), respectively.
The Pullback vector bundle ¢*T'N inherits naturally the pullback connection, from the Levi-
Civita connection of N, which we denote by ¢*V*, and T*M is naturally endowed with the
connection (V*)*, whence the vector bundle T*M ® ¢*TN is naturally endowed with the
connection given by

(5.1.2) V= (V9)* ® ¢*VF.

We denote by C°°(M, N) the set of all smooth mappings from M to N. A smooth variation
of ¢ is a collection of maps {¢t}—cct<ce C C°°(M, N) which

i) depends smoothly on ¢, i.e. the mapping F' : (—¢,e) x M — N defined by F(t,z) =
¢i(x), —e <t < eand x € M, is smooth,

ii) satisfies ¢o(x) = F(0,z) = ¢(z), for all z € M.

Any smooth variation {¢¢}_cci<e 0of ¢ determines a smooth vector field along ¢, that is a
section of the vector bundle ¢*T'N, defined by

d

(5.1.3) Vie) = = t:0¢t(x),

for all x € M.

Definition 22. A mapping ¢ € C°°(M, N) is said to be harmonic if it is a critical point of
the energy functional on C°°(M, N), i.e. for any smooth variation {¢:} C C*°(M,N) of ¢
with —e < t < ¢, we have

d

a t:05(¢t) =0
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Definition 23. The tension field of a smooth mapping ¢ is the vector field along ¢ given by

7(¢) = try(Vdo),
where try is the trace with respect to the metric g.
The first variation formula of the energy functional is given by:

Theorem 26. (see [24, 25, 77, 87]) Let ¢ € C®°(M,N), then for any smooth wvariation
{bt}—e<t<e of ¢, we have

d

G @) == [ nvroe,

where V is the variation vector field associated with the variation {¢;} and 7(¢) is the tension

field of ¢.

It follows from Theorem 26 that harmonic maps are exactly the mappings with identically
vanishing tension fields, and since the condition 7(¢) = 0 is a tensorial one, we can overcome
the assumption of compactness of M.

Definition 24. A mapping ¢ : (M, g) — (N, k), with M not necessarily compact, is said to
be a harmonic map if T(¢) = 0.

The equation 7(¢) = 0 is called the Euler-Lagrange equation of the variational problem
defined by the energy functional (5.1.1).

Now, let ¢ : (M, g) — (N, k) be a harmonic map and let {¢; }; be a variation of ¢ through
smooth maps from M to N, the second variation formula is given by

d2
(5.1.4) g = /M B(AGV — RV, V)uy,

where V' is the variational vector field associated with the variation {¢;}:, Ay is the rough
Laplacian of V with respect to the connection ¢*V?¥, locally expressed as

AgV ==Y ¢"VESVEV - ¢*VY, 5V,
and Ry is the tensor defined locally by

(5.1.5) Rs(V) = RN(¢.Ei, V),

{E;} being a local orthonormal frame on M.
The operator Jy defined by

(5.1.6) Ts(V) = AgV — RV

is an operator on vector fields along ¢ called the Jacobi operator of the harmonic map ¢. The
wndex form of ¢ is defined to be the bilinear form given by:

(5.1.7) (VW) = /M KTV, W),

Definition 25. A harmonic map ¢ : (M, g) — (N, k) is said to be stable if I(V, V') > 0, for
all V e I'(¢*T'N), otherwise we say that ¢ is unstable.
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It follows that, if N has non-positive sectional curvatures, then every harmonic map is
stable. Indeed,

where k(¢*VVV,¢*VVV) = S0 k((¢*VY)E,V, (¢*VY)E, V), for any local orthonormal
frame {F;} of M. Furthermore, k(R (u,v)v,u) < 0 for any pair {u,v} of linearly inde-
pendent vectors, together with equation (5.1.8), imply that ¢ is stable.

The stability of a harmonic map ¢ can be described using eigenvalues of the Jacobi operator

To- A real number X is said to be an eigenvalue of the Jacobi operator Jy if there exists a
section V € T'(¢p*T'N), with V' # 0, such that

TV = AV.
If X is an eigenvalue of Jy, then the vector space
VA(@) ={V e T(¢"TN)/TsV = AV'}

is called the etgenspace associated with A\, and its dimension is called the multiplicity of A.

The operator Jy is a second order elliptic self-adjoint differential operator, whose spectrum
Spec(Jy) consists of an infinite discrete set of eigenvalues with finite multiplicities and without
accumulation points (see |76,77]). Thus, we define, respectively, the index and nullity of the
harmonic map ¢ as:

Index(¢) = Z dim(Vx(9)),

A<0

and
Nullity(¢) = dim(V(6)).

In this terminology, we have
¢ is stable <= Spec(Jy) C Ry <= Index($) = 0.

It’s worth mentioning that Index(¢) and Nullity(¢) are exactly the index and nullity of the
index form I, defined in (5.1.7), as a bilinear map.

5.2 Sections which are harmonic maps

Henceforward, we suppose that (E,7, M) is a vector bundle with an oriented Riemannian
base (M, g), endowed with a fiber metric h and a compatible connection D. The total space
E will be implicitly endowed with a spherically symmetric metric G of the form (1.3.5) ( or
equivalently (1.3.6)) with weights ¢; and s.

In what follows, we shall use the following notations:

1. {E;} is an orthonormal linear frame of M. Sometimes, we will use the same notation
for an orthonormal basis on some tangent space of M.

2. For a section o of E, we set
i) r = h(o,0),
i) Y = {r(z) = hlo(z),0(x))/z € M},
iii) ||Do|* =Y, h(Dg,0, Dg,0),
3. vy the Riemannian volume element of (M, g).
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The differential of a smooth section is given as follows:
Proposition 72. For allx € M, X € T,M and 0 € I'(E), we have
(do)e(X) = X[y + (Dx0) -

In this section, we shall be interested in solving Problem 1 which consists in determining
sections which are harmonic maps (M,g) — (E,G). Sections of the vector bundle E are
immersions of M into E. Furthermore, a parallel section o : (M, g) — (E, G) is an isometric
immersion if and only if ¢; = 0. Indeed, if ¢ is a parallel section which is isometric, i.e.
G((do)z(X),(do(Y))z) = g(X,Y), for all x € M and X,Y € T, M, then for X =Y a unit
vector, we obtain e?#1 = 1, and hence ¢; = 0.

Proposition 73. Assume that M is compact and let o € T'(F), then

1
(o) = = / (ne?1®) 1 22001 Do 7)o,
2 M

Proof: By virtue of Proposition 72, we have

|(do)s|* = ZG ((do)s(E:), (do)e(E))
= Z G(Ezh + (DEiU)Z(zy Ezh + (DEiU)g(w))

=3 (9B i) + 2 ho(a) (DB ) (a1, (DB Vo)

= nee1(r) 4 62902(7’)”1)0“926'

Thus the energy functional is given by

1
(5.2.1) Elo) = 5 /M (ne%” + 62“’2||D0||2)Ug

It is worth mentioning that, for each section o € I'(E), we have

E(o) > n/ €2</>1(7")vg7
2 Jm
and equality holds, that is ¢ is an absolute minimum of the energy integral &, if and only if

o is parallel.

Theorem 27. Assume that M is compact and o is a harmonic section of E. If ¢} is non-
negative and (1+ 2ryl) is positive on Xy (resp. ¢y is non-positive and (1 + 2ry)) is negative
on X,), then o is parallel and has constant norm r = ||o||®>. Moreover, if ¢\ (r) # 0, then
oc=0.

Proof: Let 0 € I'(E) be a harmonic section. Consider the variation given by oy = (1+t)o.
By virtue of Propositions 72 and 73, we have

1 1
(5.2.2) E(oy) = 5 /M HdUtH2Ug =5 /M <n62ﬁp1(n) + e?soz(m)HDUtH2>,Ug7
where
re = |loe]? = (1+t)*r and r = o>
Straightforward computations give:
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L. [|Doy)|? = (1 + t)?|| Doll?,
2. S (e200) = aglr)r(1 4+ 1)) for i = 1,2

Substituting from the above equations into (5.2.2) and using the fact that o is harmonic, that
is o is a critical point of the energy functional, we must have

d 1d

= - g = —— 2991(”) 1 t 2 2pa(rt) D 2
dt|t=0 (o) 2dt|to/M <ne +(L+1)% 1D )“9
1

= / (4nrcp’1(7")62"°1(7”) + (2e220) 4 47”80,2(7”)€2¢2(T))HDU”2>U9
2J/m

:/ (Qnrgoll(T)empl(r) +ex2((1 4 27’90/2(7"))”DU||2)U97
M

which implies, by hypotheses, that

(5.2.3) 2m“<p'1(7“)62“"1(r) =0,

and

(5.2.4) 292" (1 4 2rghy ()| Do ||? = 0.

Equation (5.2.4) implies, under our assumptions, that ||Dcol|| = 0, hence o is parallel, thus

r = ||o||? is constant since M is connected. By virtue of (5.2.3), we have r¢}(r) = 0. So, if
H H y ’ 901 ’

o1 (r) #0, we get r = 0, and hence o = 0. [ ]

Remark 16. Theorem 27 does not work for the non compact case. The following counter-
example was given in [43]: for M = R"™ and F = M x R with the natural projection p
and assume that ¢1 = @2 = 0 on RT. Tt’s easy to see that ['(E) = C*°(M). We suppose
that (E,p, M) is endowed with the canonical connection, that is the connection defined by
Vxf=Xffor f e C®(M)and X € X(M), thus harmonic sections are harmonic functions
on R™, but parallel sections are just constant functions.

Lemma 14. (see [43], [25]) Let X,Y € X(M), and 01,02 € I'(E). Then
1. [0},08] =0,
2. [X", 0"l = (Dx0)",
8. [XhYh =[X, Y — (RE(X,Y)E)".
Proposition 74. For any section o € T'(E), the tension field of o is given by
7(0) = (r(0)" + (r(o)™,
where
7(0)Y = —(A0)Y + (ncy + eo||Do||?)o® + Qbih(DEia,a)(DEia)“,
i=1

and
n

)" =23 (ah(Dp,0.0)B! + S((Di,0)", ),
=1

7(o

where Ao is the rough Laplacian of o given locally by

n

Ao =— Z (Dg,Dg,o — DVEZ'E’L'O-)'
i=1
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Proof: Consider o € T'(E), and let V be the connection induced on the vector bundle
T*M ® o*TE. Using the expression of the Levi-Civita connection V of the Riemannian
manifold (F,G) given in Proposition 25, and Proposition 72, we have

7(0) = try(Vdo)

=Y (Veri(pp,op (Bl + (Dp0)") = (VB E)" + (Dyy, 5,0)")
i=1

=1

~ (V5E)" — (Dyy5,0)")
= 1

=3 ((VeB)" + (Bl BN e + S(BLL BN — SRE(EL, ED)
=1

+ (2V (05,000 (BD) + (B}, (D,0)"]) + (7" D,y (Dr0)"
+ 2 (D,0) ) (DE0)" + e2h(Di,, Do) + S(Di,0)", (D))
ARE(D0) (D)) — (Va5 — (Do 0)").

Using the definitions of the tensors S and R¢ contained in Proposition 25, and the expressions
of the Lie bracket given in Lemma 14, we have

(o) =) (615 +2(a8((DE;0)") Bl + S((Dp,0)", E) + (DE; Dp,0)")
i=1

+ 7DDy, )0 (DE,0)° + 208 ((Dp,0)")(Dp,0)"
+ CQh(DEiO', DEZO')f — (DinE‘iO')v>
= — (A0)" + (ner + ol | Do |*)¢

+Y (7" D(py,0) (DE,0)" + 208" ((DE,0)")(Dp,0)")
=1

+23" (4 (Dp,0)") Bl + S((Dr,0)", BD))
=1
:T(U)V + T(U)H,

where Ao is the section given by

n

(525) Ao = — Z (DEZDElO' - DinEiU)‘
=1

Moreover, by definition of the pullback connection 7* D, we have

W*D(DE,L'U)’U (DEla')’U = O-

Bearing in mind that 7(¢) is a vector field along o and using the definition of the tautological
section &, the formulas follow. [

Remark 17. The expression of the tension field found in the previous proposition generalizes
the formula found in [43] for ¢ = w2 = 0.
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As a direct consequence, we have:

Corollary 15. Let o0 € I'(E), and assume that p1 is constant on X,. If o is parallel, then o
1s harmonic.

Corollary 16. If o is a harmonic section of (E,G), then
trg(R¥(., X)o,D.0) = 2e1h(Dxo,0),
for all X € X(M).

Proof: If o is harmonic, then 7(¢) = 0, and in particular 7(¢)? = 0. Thus, by virtue of
proposition 25, for each j, we have

n

0= (7o), Ef)ar = 2Y (ah((Di,0), 0) Bl + S(Di,0)" B ) Ef s
=1

=2) (S((Dr,0)*, B, Ej)u +2a)_ h((DE,0),0)d;
=1 i=1

=2e721 > " *(S((Dpg,0)", B}'), B} + 2ah(Dg,0,0)
=1

= e¥27221 N " h(RP(E;, Ej)o, Dp,0) + 2ah(Dg,0,0),
=1
and setting
trg(RP(.,X)o,D.0c) = > h(R*(E;, X)o,Dp,0),
=1

we have, for any vector field X € X(M),
e?p2— 201 (trg (RE(.,X)U, D,a)) = —2ah(Dxo,0),

whence
(trg(R¥(., X)o,D.0)) = —2ae*'~2?h(Dxo,0) = 2c1h(Dxo,0),

with ¢ = —2¢,e?$172¢2 = _qe2P1 202, [

The rough Laplacian satisfies the following property.

1
Lemma 15. Let o be a section of E and let F, = §H0||2, then

h(Ao.0) = Ay Fy + | Do
where Ay is the Laplace-Beltrami operator of (M, g).

Proposition 75. Assume that R¥ = 0 (i.e. D is flat) and let o be a harmonic section
such that ¢} does not vanish on X,. Then o has constant length k; furthermore, the norm k
satisfies

(ne1 + e2||Do||?)k — || Do||? = 0.

In particular, if o is parallel then it’s the zero section.
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Proof: Let o be a harmonic section, then 7(0)¥ = 7(0)V = 0. Since RF = 0, then by
virtue of Proposition 25, we have S = 0. It follows that

(5.2.6) 0=r1(0) = 2ai h(Dg,o,0).
i=1

Since a = 2¢], then a does not vanish on X, and (5.2.6) yields
hDg,o0,0) = E;.F, =0,

for all i = 1,...,n. It follows that o has constant norm ||o||* = k. In particular A, F, = 0.
Hence, by virtue of Lemma 15, we have

n
(m(0)",0") B = —h(A0,0) + (nc1 + cal|[ Do |*)[|o||* + 26 h(Dp,0,0)?
i=1
= —h(Ao,0) + (ney + || Do||?)k
= ~AgFy — ||Do|]* + (ne1 + c2|| Do*)k,
= (ne1 + 2| Do|*)k — || Do
Furthermore, if ¢ is parallel, then we must have ncik = 0, which implies that k = 0, whence
o=0. [ |
In what follows, we shall see that the condition of parallelism of sections when ¢ is

constant implies that sections are totally geodesic which is much stronger than Corollary 15.

Theorem 28. Suppose that o € T'(E) (o # 0) is a parallel section, then o is totally geodesic
if and only if 1 is constant.

Proof: Let v be a geodesic in (M, g). Since o is a parallel section, by virtue of Proposition
72, we have

(5.2.7) do(Y(t)) = (Nkym)-

Thus 0/5\7 is a horizontal vector field. Hence by Proposition 25, we have

= . . =1 _—
Vﬁaoy = (V,w)h +c19(7, )+ S(Goq,007) — §7T*RD(U 5%, 5 07)E
= Clg(;% 7)57
which implies that o is totally geodesic if and only if ¢y is constant. [ |

Remark 18. The latter result generalizes a similar result of J.J. Konderak about totally
geodesic sections (see [43]).

5.3 Vertically Harmonic Sections

In this section we shall deal with Problem 2, that is the problem of determining vertically
harmonic sections considered as critical points of the vertical energy functional with variations
through sections. In [82], C.M. Wood introduced vertically harmonic sections as a general-
ization of harmonic maps, and used them in the study of certain structures on Riemannian
manifolds. He proved in [83] an existence theorem of the so-called vertically harmonic sections
similar to existence theorem for harmonic maps classically studied in [24,25].
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For o € T'(E), we denote by d’c the vertical component of do with respect to the con-
nection D, and we shall denote by V" the connection in the vertical sub-bundle ¥V — FE
obtained by projecting vertically the Levi-Civita connection V of (E,G). The projection 7
has totally geodesic fibers (see [13]). Set

(5.3.1) (o) = try(V'd"o).

The vector field 7¥(0) is called the vertical tension field of o. When M is compact, the vertical
energy functional ( [49,82,85]) is defined by

1
(5:32) e'0) =5 [ ol
2 m

where ||d'c|| = Y"1 | G(dY0(E;),d o (E;)). Vertically harmonic sections are defined to be the
critical points of the vertical energy functional with variations through smooth sections. In the
same manner, it turns out that vertically harmonic sections are those sections with identically
vanishing vertical tension field, which allows to give a general definition of vertically harmonic
sections even when M is non compact.

Definition 26. A section o € I'(E) is said to be vertically harmonic if
(o) = 0.
By virtue of Proposition 72, we have:
(5.3.3) d’o(X) = (Dxo)".

Now we shall find the first variation formula for the vertical energy functional. Let {o;} be a
variation of 0 = ¢ through sections, that is a map

(5.3.4) F:MxR— E such that F(z,t)=o0¢(z),

and let pri : M x R — M be the projection on the first factor, then F is viewed as a section

of the pullback vector bundle pri £ — M x R. Furthermore, the variational vector field %,

which is a vertical vector field, gives rise to the family of sections {p;} C T'(E) (see [49]) given

by

doy(x)
dt

(5.3.5) pilz) = K ( > ., with po = p.

The following lemmas will play an important role in the forthcoming computations.

Lemma 16. (see [49]) Let O; be the unit vector filed on M x R in the positive R-direction,
then
priDa,F = prip:.

Lemma 17. (see [49]) The curvature of the pullback connection pri D satisfies RF'1P (T M, TR) =
0.

Lemma 18. (see [87]) Let o, p be two sections of E, then
h(Ao, p) = h(Do, Dp) + div(V),
where div(V') is the divergence of the vector field V' given locally by
V= Z h(Dg,o,p)E;.
i=1
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Note that we use the following sign convention for the divergence div(V') = try(VV) for
a vector field V on (M, g).
Set
Y(oy) = 220 where 1y = ||oy||%.

By virtue of (5.3.3), we have

1
£ =5 [ vlellDalu,

Thus
di L 1 d )
2l o= /M (%] v(o0) IDol,

v /Mwa)(jt]tonmtr?)vg-

Forward computations, based on Lemmas 16, 17 and 18, give the following;:

Lemma 19. For any variation {0} of o through sections, we have

1. %L:Olb(at) = 4g0’2(r)62s02(r)h(g, p) = 4b (1) (o) h(o, p) with r = ||o|?,

2. | Da¢||? = 2h(Da, Dp).

il

Thus, we obtain the first variation formula as follows:

Proposition 76. Assume that M is compact and let {0y} be a variation of the section o
through smooth sections, then we have

dt / (o AU—I—bHDO’HZU—2bDVFUU,p)>’Ug,

where b = 29, and F, = §HU||2,

Proof: Lemma 19 implies that

Gl = [ (2mu@IDeiPhe.p) +6()hDe, D) o,

By virtue of Lemma 18, we have

Gl = [ (2mu@IDeiPhe. ) + (o) (A0, p) + div(V) ),
where V = >"" | h(Dpg,o0, p)E;. We have:
(5.3.6) div(y(0)V) = ¢(o)div(V) + Vp(o),

where

Vap(o) = Y h(Dg,0, p) E;.e*2(71)
=1

= 2h(Dg,0,p)Ei.|lo|*(0)ph(llo]?)
i=1

= 4h(Dyr,0, p)(0)h([lo]?)

= 2bh(DvE, 0, p)Y(0),

5.3. Vertically Harmonic Sections 95



CHAPTER 5. ON HARMONIC SECTIONS

1
with F, = §||0H2, and b = 2¢} as defined in Proposition 25. Thus

d

FlE e = [ (2400 IDolPh(o,p) + 6(o)b(A0: )

+ div((0)V) = Vab(o) g
= [ (2400@)IDalPhic,p) + v(o)h(a0p)
— 2h(Der, 0, p)(0) ),
- /M 6(0) (h(Ac + b Da|20 — 20Dy, 0, p) )y
"

Remark 19. In the case of the Sasaki metric (p; = @2 = 0), we recover the classical Euler-
Lagrange equation Ag = 0 from the variational problem 2.

Therefore, when M is compact, we obtain the following characterization of vertically
harmonic sections: a section is vertically harmonic if and only if it satisfies the following
equation

(5.3.7) Ao + b||Do||?c — 2bDy 0 = 0.

Proposition 77. Assume that M is compact. Let o be a constant length section with ||o||?> =
k, and assume that (14 2ko4(k)) # 0. Then, o is a vertically harmonic section if and only i
is parallel.

Proof: If o is vertically harmonic, then, by virtue of (5.3.7), we have
Ao + 204 (k)| Do |*o = 0,

since VF, = 0. Hence
/ h(Ao + 204(r)| Dolo, Yo, = / (D02 + AyF, + 2k, (k) [ Dol2) v,
M M
- / | Dal(1 + 2k (k) vy = 0,
M

thus || Do |? = 0, whence o is parallel. ]
It follows from Corollary 15 that:

Proposition 78. Assume that o1 is not constant, then every parallel section is vertically
harmonic but not harmonic.

5.4 (G-harmonic sections

In this section we shall be interested in solving Problem 3. G-harmonic sections are defined
to be critical points of the energy functional defined by (5.1.1) restricted to the space of
smooth sections, i.e. critical points of &|p(gy. It is clear that every harmonic section is a
G-harmonic section.

Let o be a smooth section of E. By virtue of the first variation formula, we have

(5.4.1) 2] e =- /M G(r(), V),
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where {¢;} is a variation of the section o through smooth maps, that is a variation of o
in C>*°(M, E), V is the variation vector field associated with this variation, and 7(o) is the
tension field of o which was computed in Theorem 74. In particular, if we choose a variation
of o through I'(E), formula (5.4.1) is still working.
Since the expression of the energy functional is simple, we will find the first variation
formula corresponding to Problem 3 and determine the critical points by a direct method.
Let o be a section of E. By virtue of Proposition 73, we have

1
E(o) = / (nez“"l + 62“’2HD0H2)UQ.
2 u

For each variation {o¢} of o through smooth sections, we have a family of sections {p;}, given
by (5.3.5), for which we denote pg = p. Using Lemma 19, we compute the first variation
formula as follows:

Theorem 29. Assume that M is compact and let o € T'(E) be a smooth section of E, we
have

%‘ E(oy) = / h<€2m(r) (Ao — 2bDyp,0) + 2(ny) (r)e2er (™)
=0 M

+ @b D), p) vy,
where {01} is a variation of o through smooth sections.

Proof: Let 0 € I'(E) and {0} be a smooth variation of o through smooth sections. Let
@’

dt lt=0
virtue of the proof of Proposition 76, we have

us denote by p = K which is a section of E, and r; = |loy||* with 7 = 7o, then by

d
ARG

B 1d 2p1(rt) 2p2(rt) 2
1 d 21 (rt) d ’ 22 (rt) 2 2 d
1 r ) ||D w2 (r) —’ Doy|?
2 /M <ndt’t:0€ T (dt t=0° )H ol +e (dt t:0|| o )>Ug

= /M (261 (r)e*# I h(a, p) + 205(r)e?*h(a, p) | Do||?
+ 2?2 p( Do, Dp))vg

= /M (261 (r)e*# D h(a, p) + 205(r)e?*h(a, p) | Do||?
+ e2#2(7) (h(Ac — 2bDy g, 0, p)))vg

= [ b)) + i) Do)
+e222") (Ao — 20Dy r, 0), p)vg.

By virtue of Theorem 29, a section o is G-harmonic, i.e. a critical point of &|pg)y with
variations through I'(E) if and only if o satisfies the equation

(5.4.2) 222" (Ag — 20Dy, o) + 2(ng (r)e2?1 ) 4 o (1)e*2") || Do ||?) o = 0,
which is equivalent to the equation

5.4.3 Ao + (b|| Do ||? = net)o — 26Dy, o = 0,

( ,
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where b = 2¢}, and ¢; = —2¢)e?#172#2 are the functions given in Proposition 25, and Ao is
the rough laplacian of o with respect to D.

Remark 20. Using the first variation formula (5.4.1), we find the same characterization of
G-harmonic sections. Indeed, for each vertical lift p¥ of a section p, there is a variation of o
through smooth sections such that p¥ is the variational vector field, thus ¢ is G-harmonic if
and only if (7(c))Y = 0, that is

n
(5.4.4) —Ac + (nct + c2|| Do|®)o + 26> " h(Dp,0,0)Dg,0 = 0.
i=1
Bearing in mind that Dyp,0 = ;" h(Dg,0,0)Dg,0, we find the same equation as (5.4.3).
As matter of fact, equation (5.4.3) works also for the non-compact case.
Since the variation chosen in Theorem 27 is a variation through smooth sections, we still
have the same result for G-harmonic sections. Furthermore, we have:

Proposition 79. Let o be a constant length section with |o||?> = k, and assume that ¢ (k) > 0
and (1 + 2kph(k)) > 0 (resp. ©j(k) <0 and (1 + 2kph(k)) < 0). If o is G-harmonic then it
is parallel. Furthermore, if ¢ (k) # 0, then o = 0.

Proof: Assume that ¢ is constant, if o is a constant length G-harmonic section, then by
virtue of equation (5.4.3), we have

(5.4.5) Ao + (b]|Do||* — ney)o =0,
hence
/ h(Ac + b|Dolo — nevo, o)v, =
M

:/ <||DO'||2+290,2(]€)]€||D0-||2_}_zmpll(k)e?(%—m)(k))l}g
M

:/ ((1+2k90/2(k))HD0-”2 _i_27180/1(k)ke2(<,01*gﬂz)(k))UH7
M

thus

(5.4.6) 2nky) (k) = 0,

and

(5.4.7) (1+ 2kgh(k)) | Dal? = 0,

Under the assumptions on ¢ and s, equation (5.4.7) gives ||Do|| = 0, and hence o is parallel,
then it has constant length k = ||o||2. If ) (k) # 0, then equation (5.4.6) implies that k = 0,
and hence o0 = 0. |

Corollary 17. Let o be a parallel section with length ||o||*> = k(# 0) and assume that (1 +
2kph(k)) # 0, then o is G-harmonic if and only if ¢ (k) = 0.

Proof: If ¢ is a parallel G-harmonic, then it must satisfy the equation
(5.4.8) Ao + (b||Dal|* — ner)k = 0,

thus neik = 0, which implies that ¢} (k) = 0. The converse follows also from Proposition 79.
|

98 5.4. G-harmonic sections



CHAPTER 5. ON HARMONIC SECTIONS

In what follows we shall explore the relationships between the solutions to the variational
problems 1, 2 and 3.

Proposition 80. Let o be a smooth section of E, then o is harmonic if and only it satisfies
the following:

1. o is G-harmonic,
2. 7(o) =0.

In particular, if D is flat, then o constant length section is harmonic if and only it is G-
harmonic.

Proof: A section o is harmonic if and only if 7(0)V = 7(0) = 0. If D is flat, then
the tensor S defined in Proposition 25 is identically vanishing, thus the expression of 7(c),
given in proposition 74, is reduced to

n

(o) =2 Z ah(Dg,0,0)E!.
i=1

But for constant length sections, h(Dg,0,0) = 0 for each i, hence 7(c) = 0, thus the
equivalence between G-harmonicity and harmonicity. [ |

Proposition 81. Assume that o1 is constant, then a section o is G-harmonic if and only if
1t 1s vertically harmonic.

Proof: Let o be a constant length section, if o is G-harmonic, then by virtue of equation
(5.4.3) we have

(5.4.9) Ao + (b]|Do||* = ney)o — 2bDy g0 = 0.
So, since ¢ is constant, which implies ¢; = 0, thus equation (5.4.9) is reduced to the equation
(5.4.10) Ao +b||Do|?c — 2bDy g0 = 0.

Hence, by virtue of equation (5.3.7), o is vertically harmonic. The converse also follows from
the same equation. ]

5.5 On the stability of harmonic sections

In what follows, we assume that ¢ is constant and we will compute the Jacobi operator of
parallel sections. Long but routine computations give:

Proposition 82. Assume that o1 is constant and let o be a parallel section of E and V €
[(6*TE), then

- 1 <
i=1
~ RE(VE )" V) + RE(EL S(EL,VY))

n

-3 (S(E[”, T D V) + 7V S(ER, VY
=1
— S(VEE)",VY) + S(E!, REELL V) = R,V
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where V.= VH 4+ V'V is the decomposition of V into its horizontal and vertical parts, and
i=1
with D = 7*V & n*D
Corollary 18. Assume that the connection D is flat, and let o be a parallel section of F,
then, for all V € T'(6*TE), we have
JoV = A,V = " R(E! VT)E],
=1

where R 1is the curvature tensor of (M,g), and VH s the horizontal part of V. In particular,
if (M, g) is flat, then J,V = A,V for allV € T'(c*TE).

Proof: If D is flat, then by virtue of Proposition 25, we have R¢ = 0 and S = 0, which
implies that
T,V = AV =R (V).

On the other hand,

R,V = Z R(E!V)E!
— Z R(EMNVTE! + R(EM,VY)ED).

Using curvature formulas given in section 2.2 of [13], and under the assumption ¢} = 0, we
have

i) R(E!VY)E!) =0,

i) R(E!,VI)E]! = n*R(E}, VI)E},

from which the result follows. [

Theorem 30. Assume that D is flat, and let o be a parallel section. If (M, g) has non-positive
sectional curvature, then o is stable.

Proof: Let o be a parallel section. Since D is flat, we have V = D + C, and since p1 is
constant and o is parallel, we have

(5.5.1) AV =A,V
and
(5.5.2) R,V = Zw R(EM VIHED,

If (M,g) has non positive curvature, then —G(R,V,V) > 0, for all V, thus I(V,V) > 0,
whence o is stable. ]
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5.6 Some examples

5.6.1 Vector fields

Take E = TM, D = V the Levi-Civita connection of (M, g) and h = g, we have I'(E) = X(M).
Let us consider 7 and 9 two smooth functions as before, and G the spherically symmetric
metric with weight functions ¢ and ¢po. If X is a constant length vector field on M with
| X||?> = k, then X defines a harmonic map from (M, g) to (T M, G) if and only if the following
equations hold:

(5.6.1) AX +2(ne (k)ePr=22)®) 1 o (B)|[VX]?) X =0,
(5.6.2) > (S(Vex) ED) =0
=1

where S is the tensor field given in Proposition 25, AX is the rough Laplacian of X with
respect to V and {E;} is a local orthonormal frame of M. Furthermore, X is G-harmonic if
and only if it satisfies the following equation

(5.6.3) AX +2(ng (k)X P17 ®) 1 oL (k)| VX]?) X = 0.
On the other hand, X is vertically harmonic if and only if
(5.6.4) AX +205(k)|[VX|2X =0,

Now, it is easy to see that any spherically symmetric metric on T'M of the form (1.3.5) is
a Riemannian g-natural metric, with defining functions (see [2,3])

(5.6.5) ap =¥, az3=€¥ -2 ay =y =p1=P3=0.

Substituting from (5.6.5) into (5.6.1)—(5.6.4), we recover the same equations found in [55].

5.6.2 Self-dual and anti-self-dual 2-forms on M

In this subsection, we assume that M is a compact Riemannian 4-manifold, and let F =
ALT*M, D be the connection induced from the Levi-Civita connection of (M, g), and let h
be the metric fiber induced from g. Sections of E are self-dual and anti-self-dual 2-forms on
M. When A_ is considered, M is assumed to be a self-dual Finstein manifold, and when Ay
is considered, M is assumed to be an anti-self-dual Einstein manifold(see [13]). In [13], the
author studied the spherically symmetric metric given by

2
(5.6.6) G =\/2csr + dom*g & Ciow*h,
\V/2cksr + do

1
where cg,dy > 0 are constants and s = —S¢, with Sc is the scalar curvature of M. More

importantly, the author proved that (F,G) has G2 holonomy. The spherically symmetric
metric weights are

1 1
p1(r) = 1 In (26(2)87“ + do), wa2(r) = In(cy) — 1 In (20(2)57“ + do),

thus ) )
b cgs T cgs
1) = 2(2c3sr + dp)’ #2(r) 2(2c3sr +dp)
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Thus, a self-dual (resp. anti-self-dual) 2-form w is harmonic (as a section) if and only if it
satisfies the following equations:

cts
(2c¢3sr + dp)

2

D 2
(20(2)37“+d0)H WP +

Aw + (ns — Dyp,w =0,

n

2
Cos h v h
E h(Dg. E'+ S(Dg,X)",E")) =0;
— ((20387,_ dg) ( E'Lw7w) 1 (( E’L ) Y 1 )) ’

1
where S is the tensor field given in Proposition 25, F, = 3 |wl||?, Aw is the rough Laplacian of

w with respect to D and {E;} is a local orthonormal frame of M. Moreover, w is G-harmonic
if and only if it satisfies the equation

cts
(2c3sr + dy)

2s

6. A S
(5.6.7) w+ <ns Ty

|Dwl?)w + Dyrw =0,

and w is vertically harmonic if and only if it satisfies

2
CoS

5.6.8 A —_—
(5.6.8) W (2¢3sr + dp)

(DVFww - HDwHQw) =0.
In particular, if (M, g) is Ricci-flat, then w is G-harmonic if and only if it is vertically harmonic
if and only if it is harmonic in the sense of Hodge theory.

5.6.3 (1,1)-tensors

Take E =TM QT*M, D = V ® V* where V is the Levi-Civita connection of M and V*
is the connection naturally induced from V on T*M, and take h the metric fiber defined as
follows

WT,S)=> g(T(E:), S(E:)),
i=1

for all T, S € TH(M), with {E;} is a local orthonormal frame of M. Clearly we have Dh =0
(see [87]).

For instance, take ¢; an arbitrary function that meats the regularity conditions of the
definition of spherically symmetric metrics and g9 = 0, then, by virtue of equation (5.3.7), T
is a vertically harmonic (1, 1)-tensor if and only if

(5.6.9) AT = 0.

In particular, if M is an almost complex manifold and J is an almost complex structure on
M, then J is a vertically harmonic almost complex structure if and only if it satisfies (5.6.9).
Note here that “harmonicity" of J differs from that of almost complex structures in the sense
of [84]. Furthermore, T" defines a harmonic map from (M, g) to (F, G) if and only if it satisfies
the following equations:

(5.6.10) AT + 2ny) (r)e*/1 T =0,
(5.6.11) 3 (S((DEia)”, Ef)) —0.
=1

Finally, T" is G-harmonic if and only if it satisfies the equation
(5.6.12) AT + 2n¢) (k)e2Pr—e2)®) — 0,
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Remark 21. In [49], the authors studied vertically harmonic sections of vector bundles when
endowed with Cheeger-Gromoll type metrics. They proved that a section o : (M,g) —
(B, GPY) is vertically harmonic if and only if

(5.6.13) Tp(o) = ¢pqlo)0,

where

(5.6.14) Ty(o)=(1+2F,)Ac + 2pDvyp, o,

(5.6.15) Spa(0) =PI Dol — pal VE, |2 — (1 + 2F,) A, Fy,

1
with F, = §||0H2. On the other hand, by taking ¢1 = 0 and ¢a(r) = —g In(1+7), we recover

(p, 0)-metrics as spherically symmetric metrics. By virtue of (5.3.7), a section o is vertically
harmonic if and only if

(5.6.16) Ao +b||Dol||?0 — 2bDy 0 = 0,
where b = 2¢,, and since ¢o(r) = —gln(l + |lo]|?), we have b = —ﬁ, thus equation

(5.6.16) becomes
(5.6.17) (1+ |lo|*)Ac — p||Do|*c + pDyr,o = 0.

which is exactly (5.6.13) for ¢ = 0.
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Appendix A

Categories and functors

Definition 27. A category C consists of the following data
(i) A class of objects denoted by Ob(C);

(ii) For every A, B € Ob(C), there is a collection Hom(A, B) whose elements are called
arrows or morphisms from A to B.

(iii) For every A, B,C € Ob(C), there exists a map
o:Hom(A, B) x Hom(B, () — Hom(A4, C)
(f:9) —gof,
called the composition map which satisfies:

1. Associativity: for every A, B,C,D € Ob(C), and for all f € Hom(A,B), g €
Hom(B,C) and h € Hom(C, D), we have

ho(gof)=(hog)of.

2. Unit law: for every A € Ob(C), there exists an element Id4, such that foly = f
and Idg o g = g, for all f € Hom(A, B) and g € Hom(B, A).

Remarks 3. Given a category C.

1. Arrows between A, B € Ob(C) are often denoted by f: A — Bor A SN B;
2. We adopt the convention that Hom(A, B)NHom(A’, B') = () unless A = A’ and B = B’.

Most of the ‘mathematical structures’ can be written in the language of categories. Here
are some classical examples.

Examples 8. 1. Set in which the objects are sets and morphisms are mappings.
2. Gr in which the objects are groups and the morphisms are group homomorphisms.

3. Top in which the objects are topological spaces and the morphisms are continuous
maps.

4. Vect in which the objects are finite dimensional vector spaces and morphisms are linear
mappings between them.

Definition 28. Let C be a category and let A, B € Ob(C). A morphism f: A — B is said
to be inwvertible if there exists a morphism g : B — A such that fog =1Idpg and go f = Id4.
In this case g is called the inverse.
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An invertible morphism in a category is called an isomorphism. Moreover, two objects of
a category are said to be isomorphic if there exists an isomorphism between them.

Definition 29. Let C; and Cy be two categories. A covariant functor F : C; — Cy consists
of

(i) A map F : Ob(C1) — Ob(Co);

(i) A map F : Hom(A, B) — Hom(FA, FB), for every A, B € Ob(C;), which preserves
composition and the identity element.

Example 10. The functor F : Top — Gr that assigns to each topological space its fun-
damental group m1(X) and to each continuous mapping its induced mapping between funda-
mental groups, this is a covariant functor.

There exist other functors which are not covariant.

Definition 30. Let C; and Cy be two categories, a contracovariant functor F : C; — Ca
consists of

(i) A map F : Ob(C;) — Ob(Co);

(ii) A map F : Hom(A, B) — Hom(FB, FA), for every A, B € Ob(C;), which preserves
composition and the identity element.

Example 11. The duality functor is the functor Vect — Vect that assigns to each vector
space its dual, and to each linear mapping between two vector spaces the dual mapping, this
is a contravariant functor.

Accordingly, one can define bifunctors which are functor’ with two arguments, or more
generally functors with more than one argument. Their definition extend naturally that of
functors.
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Principl bundles and associted vector
bundles

Though vector bundles are general objects which provide a unified language for coordinate-
dependent formalisms both in differential geometry and physics, they form a subclass of a
still more general class of objects, namely fiber bundles. Fiber bundles arise as a direct gener-
alization of the concept of vector bundle. The idea is quite simple, instead of fibers endowed
with a linear structure, one requires only a smooth manifold structure on them. Particularly,
when fibers are diffeomorphic to Lie groups, another type of fiber bundles emerges, namely
principal fiber bundles.

Interestingly, it turns out that there exists a deep link between the concept of a vector
bundle and that of a principal fiber bundle. More precisely, we will see that to each principal
bundle with structure group G and a G-module, there is an associated vector bundle. Con-
versely, to each vector bundle with standard fiber V', there is an associated principal bundle
called the bundle of frames.

B.1 Fiber bundles and principal bundles

Definition 31. A fiber bundle with standard fiber S is a triple (E, 7w, M) where E, M and S are
smooth manifolds and 7 : E — M is a surjective map which is locally trivial; that is for every
point p € M, there exists a neighbourhood U C M and a diffeomorphism ¢ : 7= 1(U) — UxS
such that the following diagram

)y — UxS
\\ pri
U

is commutative, i.e. pri oy = w, where pry is the projection on the first factor.

Analogously, if (E,m, M) is a fiber bundle with standard fiber S, then FE is called the total
space, M is called the base and 7 is called the projection of the fiber bundle. We often refer
to a fiber bundle by the total space E only. The pairs (U, 1)) are called bundle charts, and a
set of bundle charts which cover M is called a bundle atlas. The local triviality implies that
the projection 7 : E — M is a surjective submersion. Hence, for all z € M, the set 7 !(z)
is a submanifold of E called the fiber over x.

By analogy with the case of vector bundles, if (U, ¢) and (V,1) are two bundle charts

with UNV # (0, then for all p € UNV, the map go (w‘Ep)_l is a diffeomorphism of F', where
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© = prgow, P =prgo) and pry is the projection on the second factor. This gives rise to a
map B .
fow :UNV — Diff(S), p+—— @o (1/J|Ep) ,

with
(pov™)(z,e) = (z, fop(2)(e))

Further, the maps f,, are smooth (c.f [35]) and they satisfy the cocycle condition. The
reconstruction process is easily generalized to the framework of fiber bundles. For the details,
we refer to [35,53,65].

Examples 9. Fiber bundles are abundant. Here are some examples

1. The trivial fiber bundle: Let M and S be two smooth manifoldsand 7 : M xS — M
be the projection on the first factor. Hence (F,m, M) is a fiber bundle with standard
fiber S.

2. All vector bundles.

3. The Mobius strip: The circle S! is the quotient R/ ~, where for z € R, z ~ z + 2n,
for all n € Z. Define the equivalence relation ~ on R x (—1,1) by (z,t) ~ (z +
2nm, (—1)"t), for all n € Z, and set £ = R x (—1,1)/ ~. The result is a fiber bundle
called the Mébius strip with the projection 7 : [z, t]~ + [2]~ where the brackets denote
the respective equivalence classes.

Sections of fiber bundles are defined analogously to the case of vector bundles. Moreover,
sections of a fiber bundle are closely related to its local trivializations.

Definition 32. Let (E, 7, M) be a fiber bundle. A section of F is a map o : M — E such
that moo = Idyy,.

Local sections are defined in an obvious way. If E is a fiber bundle, then the space of
sections of E is denoted I'(E).

The Lie group Diff(.5) is very large, so there is no a priori preferable choice of a bundle
atlas and hence no preferable cocycle of transition functions. Besides, for a fiber bundle
to be of use in geometric problems, one should restrict to special transformations rather
than diffeomorphisms of the standard fiber, that is to a subgroup of the group Diff(,S), this
is generally accomplished through Lie group of transformations of the standard fiber. The
following definitions and constructions deal with that kind of issues.

Let G be a Lie group and S be a smooth manifold, we say that G acts on the left on S if
there exists a smooth map p: G x S — 5 such that

(i) p(e,s) =s, for all s € S, where e is the identity element of G,
(i1) w(gh,s) = p(g,pu(h,s)), for all g,h € G and s € S.

In this case, we say that G is a Lie transformation group of S and S is said to be a G-manifold.
An action of G on S may be defined as a group monomorphism p : G — Diff(.5).
Actions on the right of S are defined analogously up to a reversing of the elements’ order.

Definition 33. Let G be a Lie group acting on the standard fiber S on the left with an action
p. Two bundle charts (U, ¢) and (V1) are said to be G-compatible f UNV =Qor UNV # 0
and there exists a smooth g : U NV — G such that f, () = pg(z)-

The transition functions of two G-compatible bundle charts may be seen as taking values
in G which yields the identification fy 4 (2)(s) = u(fop(2),s), forallz e UNV and s € S.
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Definition 34. Let G be a Lie group. A fiber bundle (E,r, M) with standard fiber S is
said to be a fiber bundle with structure group G or simply a G-bundle if G is a Lie group
of transformations of S and there is given a bundle atlas formed by pairwise G-compatible
bundle charts. Such an atlas is called a G-bundle atlas. A bundle chart is said to be admissible
as a bundle chart for a bundle with structure group G if it is G-compatible with every chart
in the given G-bundle atlas.

Remark 22. There may be more than one possible choice of a structure group, but we still
refer to a choice among them as the structure group. To overcome such a possible ambiguity,
one may use the terminology G-bundle to mean a fiber bundle with structure group G. When
a structure group is specified, the choice of admissible charts is reduced. Such a process is
called the reduction of the structure group.

Vector bundles are particular cases of fiber bundles. Now, given a fiber bundle E which
has a vector space as a standard fiber, since GL(V') acts canonically on V, this leads to the
following link between fiber bundles and vector bundles.

Proposition 83. Let V be a vector space. A fiber bundle (E, 7, M) with standard fiber V is
a vector bundle with standard fiber V' if and only if E admits GL(V) as a structure group,
that is E has a reduction of structure group to GL(V).

Theorem 31. ( [39]) The tangent bundle to a Riemannian manifold (M, g) of dimension n
has the structure of an O(n)-bundle. Furthermore, if M is oriented, then TM is an SO(n)-
bundle.

A special class of fiber bundles arises when the standard fiber is a Lie group. Since a
Lie group G acts canonically on itself by left translations, one requires such a fiber bundle to
have G itself as the structure group. This leads to the notion of a principal fiber bundle or
principal G-bundle.

A right action g on a manifold P is said to be free if the identity element is the only
element of G which fixes a point of P, that is if u(p, g) = p for some p € P, then g = e, where
e is the identity element of G. Moreover, given two right (resp. left) G-manifolds X and Y,
amap ¢ : X — Y is said to be G-equivariant if ¢(x.g) = ¢(x).g (resp. ¢(g.x) = g.¢(x)), for
alze X andy €Y.

Definition 35. Let (P, 7, M) be a fiber bundle for which the standard fiber is a Lie group
G. The bundle P is said to be a principal G-bundle if G acts freely on the right of P and
there is a bundle atlas A on P such that for each bundle chart (U, 1) € A, we have

b(p.g) = ¥(p).g, forallpe P, geq,

where {/; = pro o1. The bundle atlas A is called a principal bundle atlas or simply a principal
G-bundle atlas.

Additionally, the charts belonging to a principal G-bundle atlas are referred to as principal
G-bundle charts.

If (P,7, M) is a principal G-bundle, then there exists a natural action of the structure
group G on P defined as follows: for all p € P such that z = 7(p), and let (U, 1) be a principal
G-bundle chart around z, then for all g € G, set p.g = ¥~ (x,h).g = ¥~ (z, h.g). This right
action is well defined by virtue of the compatibility of charts, and it is called the principal
action of G on P.

Remarks 4. Let (P,m, M) be a principal G-bundle.

(i) It follows from the definition of principal bundles that the fibers are exactly the orbits
of the principal action.
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(ii) If (U, ) and (V,%) are two bundle charts belonging to the principal bundle atlas such
that U NV # 0, then the transition function satisfies f, . (p) = @(b)¥(b)~* € G and
it depends only on the base point. Again the collection of transition functions satisfies
the cocycle condition which takes values in the structure group G.

(iii) The reconstruction process holds for principal bundles. More precisely, given a Lie
group G and a manifold M together with a open cover {U,} and a cocycle of transition
functions (¢a8) with ¢a5 : UsNUg — G, then consider the space X = |J {a} xUy xG
endowed with the equivalence relation defined by: (o, x,g) ~ (8,y,h)if and only if x = y
and h = 143(2)(g). One checks that (P, m, M) is a principal G-bundle, where P = X/ ~
and 7 : [a, z, p| — x. For a detailed proof, we refer the reader to [35,42,59].

Principal bundles may be defined directly without relying on a reduction of structural
group. The following definition is of great technical use, and it is more suitable for practical
purposes.

Definition 36. Let M be a smooth manifold and G be a Lie group. A smooth manifold P
is said to be a principal bundle if the following hold:

(i) G acts freely on P on the right;
(ii) M is the quotient P/G and the canonical projection w : P — M is smooth,;

(iii) P (or equivalently 7) is locally trivial: that is every point = € M has a neighbourhood
U and there is a diffeomorphism ¢ : 7= 3(U) — U x G such that 1 = (7, ¢) with
¢ : 7Y (U) — G is a smooth map satisfying ¢(p.a) = ¢(p).a, for every a € G and
pen YU).

In this case, M is the base, P the total space, G the structure group and 7 the projection.
Examples 10.

1. The trivial principal G-bundle: let M be a manifold and G be a Lie group. Consider
P =M x G and let 7 : (z,9) — x be the projection on the first factor of P, then
(P, 7, M) is a principal G-bundle.

2. Homogeneous spaces: let G be a Lie group and K be a closed subgroup of G. The
Lie subgroup K acts on G by right translation and the set G/K has the structure of
smooth manifold for which 7 : G — G/K. Then (G, 7,G/K) is a principal K-bundle.

3. The bundle of linear frames: let M be an n-dimensional manifold and z € M.
Consider
LM ={~; : T;M — R : ~,is an isomorphism}.

Those spaces combine into LM = Ugep Lo M. Let m: LM — M be the map which
sends all of L, M to x. The general linear group GL,,(R) acts on LM by compositions.
Thus (LM, m, M) is a principal GL,(R)-bundle.

Motivated by the search of smaller structure groups, reduction of structure groups of prin-
cipal bundles is extremely important, for the simple reason that a lot of geometric structures
arise as reductions of structure groups for particular principal fiber bundles. The following
proposition characterizes such operations. For a detailed proof, we refer to [35,42].

Proposition 84. Let (P,m, M) be a principal G-bundle and let G' be a Lie subgroup of G,
then P admits a reduction of structure group of G to G' if and only if M has an open covering
{Uy} together with a cocycle of transition functions which take their values in G'.
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Principal bundles are distinguished by the fact that fibers are exactly the orbits of the
principal right action, hence it is natural to require that morphisms of principal bundles must
preserve the action, that is an equivariance with respect to the respective principal actions.

Definition 37. Let (P;,m;, M;) be principal G;-bundles, for i = 1,2. A principal bundle
homomorphism is a map ® : P — P such that there exists a Lie group homomorphism
p: G1 — Go for which ®(u.g) = ®(u).p(g), for all u € P; and g € G;.

Sections of principal bundles are very important. If o is a section of P, then the map ¢ :
M x G — P defined by ¢(z,g) = o(z).g is a fiber preserving diffeomorphism. Furthermore,
@ is a principal bundle isomorphism. Hence the existence of a global section for a principal
bundle is equivalent to being trivial. Moreover, giving a local section or a local trivialization
are equivalent.

B.2 Associated vector bundles

As mentioned above, there exists an important link between principal bundles and vector
bundles. Indeed, to each principal bundle, there are associated bundles and associated vector
bundles.

Let (P, 7, M) be a principal G-bundle and S be a smooth manifold. Assume that G acts
on the left on S via an action [, then G acts on the product P x F' on the right as follows

9-(p;s) = (p.g. g "-5),

for all (p,s) € P x S. Denote by ~ the resulting equivalence relation and denote by [p, s| the
equivalence class of (p, s) € P x S with respect to this relation, and denote the quotient space
by E := P xg M. The natural projection q : P x S — E together with the projection
induce the map g : P xg M — M defined by 7g([p, s]) = w(p), for all (p,s) € P x S.

The local triviality of E follows from that of P. Indeed, each point x € M has a neigh-
bourhood U such that 7=1(U) is diffeomorphic to U via 1, where ¢y = (7, ¢) such that
¢ : 71 (U) — G is G-equivariant. Identifying 7=!(U) with U x G, the action of G on the
right on 771(U) x S takes the form

(z,a,s).g = (z,a.9,8.9),

for all (z,a,s) € U x G x S and g € G. This gives a bijection between TI'EI(U) and U x S.
Define a smooth structure on E by requiring wgl(U) to be open. Further, we have

Proposition 85. (see [35,42,53]) The triple (E,wg, M) is a fiber bundle with standard fiber
S and structure group G. It is denoted by P[S,1].

A fiber bundle constructed as above is said to be an associated fiber bundle. An application
of particular interest arise when the standard fiber is taken to be a vector space.

Precisely, let (P, 7, M) be a principal bundle and let V' be a G-module, that is G admits
a linear representation ¢ : G — GL(V), then the associated bundle with standard fiber V'
and structure group G has a G-bundle structure, hence a structure of GL(V)-bundle. Thus,
by virtue of Proposition 83, the resulting bundle is in fact a vector bundle with standard fiber
V and structure group G that we denote by P[V, o], and we call the associated vector bundle
to P with standard fiber V.

Remark 23. All vector bundles seen so far may be obtained as associated vector bundles to
special principal fiber bundles. Indeed, let F be a smooth functor from the category of finite
dimensional vector spaces to itself. If G is a Lie group, V' is a G-module and o : G — GL(V)
is a linear representation of G on V', then Fop: G — GL(FV) is a linear representation of
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G on GL(V). The corresponding technique applies to contravariant and bifunctor after the
necessary reordering and modifications. Hence we obtain the operations on vector bundles
described earlier.

Conversely, to each vector bundle (F,ng, M), a principal bundle could be associated.
Indeed, let V' be the standard fiber of the vector bundle E and let x € M, then for any
isomorphism ¢ : V. — E,, the map g — g o ¢ is a bijective map from GL(V') to the P(E,)
of all isomorphisms from V to E,. Define the set

P(E) = | | P(E.),

zeM
and let 7 : P(E) — M the map that satisfies 7(P(E,)) = z, for all z € M.

Proposition 86. ( [65])Let (E,mg, M) be a vector bundle with standard fiber V', then the
triple (P(E),m, M) is a principal GL(V)-bundle.

Let (E,m, M) be a vector bundle with standard fiber V' and let P(E) be the principal
GL(V)-bundle of frames of E. The natural left action of GL(V) on V gives rise to the
associated vector bundle P(E)[V] which is easily seen to be isomorphic to E. It turns out
that every vector bundle arises as an associated bundle with its bundle of frames. For details
see [53,65].

We conclude that vector bundle theory may be entirely presented in the language of
associated vector bundles to principal fiber bundles. This approach has the advantages of
shading light on the link between the different kinds of fiber bundles and allowing a description
of connection theory on vector bundles using the framework of Ehresmann connections.
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APPENDIX C. NATURAL VECTOR BUNDLESAPPENDIX C. NATURAL VECTOR BUN-
DLES

Many known examples of vector bundles belong to the class of natural vector bundles
which we aim to review here. Natural vector bundles arise as functors on the category of
smooth manifolds. Moreover, finiteness theorems allows a characterization of natural vector
bundles as associated vector bundles to the bundles of higher order frames.

C.1 Jet manifolds and differential groups

We will present here a brief account of the theory of jets and jet manifolds, and we will also
recall some facts about the differential groups and their basic properties.
Let M and N be two manifolds, (x,y) € M x N and r be a positive integer. Consider the
set
C®(x,y)={f: M — N : fissmooth and f(x)=y}.

Definition 38. Let z € M, y € N and fi, fo € C®(x,y). We say that f; and fo are
r-equivalent if there is a chart (U, ) at x and a chart (V%) at y such that

DP(Wfie~ ") (p(x)) = DP($fap ) (p(2)),
foreach 0 <p <.
It is obvious that the relation of r-equivalence is an equivalence relation on C*°(z,y).

Definition 39. An equivalence class for this relation is called an r-jet with source x and
target y, and it is denoted by jIf for some f € C*°(z,y). The space of r-jets with source z
and target y defined to be the quotient space of C°°(z,y) by the relation of r-equivalence and
denoted J&y)(M, N).

The r-jets with all possible sources and all possible targets combine into the set

J'(M,N) = U Ty (M, N).
zeM,ye N

For0<s<randp=J,f € J(M,N),set 7"%(p) = j3f. It is clear that 7" is a well defined
surjective map from J"(M, N) onto J*(M,N). For s = 0, the set J°(M, N) is canonically
identified with M x N. This gives the maps 7" = "9, Ty = prion and wy = proow’,
where pr; and pro are the projections of M x N onto M and N respectively. Those mappings
are called canonical jet projections [35,47,53].
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Definition 40. Let M, N and @ are three smooth manifolds, then two r-jets t € JJ (M, N)
and s € J;(N, Q) are composable if the target of t is the source of s i.e. given ¢t = jI f and
s = j, g, then ¢ and s are composable if f(r) = y. In this case we set s ot = ji(g o f), which
is an 7-jet called the composite of t and s.

The compositions of jets combine to give the mapping

Tty (MUN) X J0 (N, Q) — J, (M, Q) with (s,t) = tos,

which is called the composition mapping.

Definition 41. If dim(M) = dim(N). An r-jet s € Il y)(M, N) is said to be invertible if
there exists an r-jet t € J(Ty x)(N, M) such that t o s = jIIdys, where Idys is the identity

mapping of M.

By virtue of the inverse function theorem, an r-jet with source x and target y is invertible
if and only it has a representative which is a diffeomorphism on a neighbourhood of the point
x onto a neighbourhood of the point y. If an r-jet s € ‘](T:r,y) (M, N) is invertible, then there
is a unique element satisfying the condition of the previous definition. This element will be
called the inverse of s and will be denoted by s~ 1.

Now, we shall restrict ourselves to the Euclidean space R™. Using Taylor’s expansion, the
space J(o,o) (R™, R™) is canonically identified with the product

Lh, = L(R",R") x L2(R",R") x ... x L}(R",R"),

where L7"(R™,R™) denotes the vector space of m-linear, symmetric mappings of R” x ... x R”
into R™.
The space L] . can be endowed with a smooth structure using the coordinate functions

n,n .
defined as follows. For A € L], ,,, A = jya with o = (o) : R" — R", set

n,n’
for1<i<n,1<j; <jo<..<jr<mnandl<k<r where D; denotes the partial deriva-
tive with respect to x;. It is classically known that those functions define a global coordinate
chart on Ly, ,, (see [35,47]).

Consider the subset Ly, C Ly, ,, which consists of all invertible r-jets in Ly, ,,. It is straight-
forward to check that

Ly =L, \{A€L;,: det(a’(A)) =0}

Thus Lj, is an open set in Lj, , and a group for the composition of jets. As a matter of fact

Lj, is endowed with the structure of an open submanifold of Lj ,, , hence it’s a Lie group.

Definition 42. The Lie group L] is called the r-th differential group.

The differential groups appear in different contexts. For example L. is nothing but the
general linear group G L, (R), which happens to be the structure group of the principal bundle
of linear frames. In order to uncover the deepness differential groups, let’s look at those of
higher order. To do so, we shall define bundles of higher order frames which are generalizations
of the bundle of linear frames. Those bundles are principal L7 -bundles.

Definition 43. Let M be an n-dimensional manifold and let x € M. An r-frame at the
point x is an invertible r-jet ¢ € J(TO 2) (R™, X). The set of r-frames at = is denoted by F.
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Comnsider the set
F'M =| |Fjm,
xT

which is the set of all r-frames of M. Denote 7}, the natural projection which sends F, M to
x.

A coordinate system (U, ) of the manifold M induces a coordinate system of F"M as
follows. Take W" = (n';,)~1(U), let ¢ = J§p with u(0) = z, and set

0" () = (p(1(0)), Jg (tp(z) © p o 1)),

where t,,) : 2 — z — () is a translation in R". It is not hard to see that " : W" —
©(U) x L7 is a bijection. Hence, F" M has a unique structure of a smooth manifold for which
the pairs (W", ¢") are charts on F"M.
Moreover, the differential group L] acts on the right on F"M via the composition of jets.
More precisely set
(A=C(oA,

for all ( € F"M and A € Lj,. It is obvious that this action is free. Moreover

Proposition 87. ( [47]) The manifold F"M is a principal bundle over M with structure
group L;, and projection ;.

The principal L] -bundle F" M is called the bundle of r-frames on M. The bundles F"M,
for r > 2, are called bundles of higher order frames.

C.2 Bundle functors

Let M f,, denote the category of n-dimensional manifolds and local diffeomorphisms between
them and FM the category of fibred manifolds and their morphisms. See [35] for the definition
and properties of fibred manifolds and their morphisms.

Definition 44. A natural vector bundle or a vector bundle functor F is a covariant functor
which associates a vector bundle (F'(M), s, M) to each n-dimensional manifold M and a
vector bundle morphism

F) 2L vy

WM\L lﬂ'N
f

to each morphism f : M — N in Mf,, which covers f and which is a fiberwise linear
isomorphism, such that the following continuity condition holds: for every smooth mapping
f:Rx M — M, the mapping R x F(M) > (t,z) — F(f:)(x) is also smooth.

Remarks 5.

(i) The continuity condition means that F' maps smoothly parametrized families in the
category M f,, to parametrized families of vector bundles with their morphisms.

(ii) Contravariant vector bundle functors are defined in the same manner with a slight
modification of the arrows.

Examples 11. We have the following well known examples of natural vector bundles:

1. The tangent bundle functor 7', which may be defined as a functor on the whole category
of smooth manifolds with smooth maps as arrows.
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2. The cotangent bundle Functor 7.
3. The vector bundle of skew symmetric k-tensors AFT*.
4. The tensor bundles functor ®@" T ® @' T*.

5. The vector bundles F(T'M) where F is any smooth functor defined on the category of
finite dimensional real spaces as given in Proposition (4).

Natural vector bundles are particular cases of a more general class of fiber bundle functors
[35].

Definition 45. A natural bundle or bundle functor is a covariant functor F : M f, — FM
that associates to each manifold M a fiber bundle (F(M),par, M), satisfying the following
conditions:

1. (Prolongation) B o F' = Idy,, where B : FM — M f, is the base functor.

2. (Locality) If i : U — M is the inclusion of an open submanifold, then F(U) = 7} (U)
and F (i) is just the inclusion of 7} (U) into FM.

3. (Regularity) If f : P x M — N is a smooth mapping such that for all p € P the maps
fo = f(p,) : M — M are local diffeomorphisms, then F'f : P x F(M) — F(N)
defined by F f(p,.) = F f,,p € P are smooth.

Definition 46. A natural bundle F' : Mf, — FM is said to be of finite order r, with
0 < r < oo, if for all local diffeomorphisms f,g : M — N and every point x € M, the

equality jif = jrg implies F(f)p,m = F(9)|p, M-

Remark 24. The order of a vector bundle functor is defined exactly in the same way, that is
its order as a particular case of fiber bundle functors.

The classification problem of natural bundles leads to the striking fact that all finite order
bundle functors arise as associated bundles to the principal bundle of high order frames.
Among the most important finiteness theorems and hence classification results, we find the
spectacular theorem due to R. Palais and Terng [63] (see also [35]).

If F' is a natural vector bundle, let FyR"™ denote the value of R™ under F over 0. FyR"” is
called the standard fiber of F.

Theorem 32. ( [35]) Let F : Mf, — FM be a natural bundle of order r, then for every
m-dimensional manifold M, there exists a canonical structure of associated bundle FGM to
the r-frame bundle, where S = FoR™ is the standard fiber of F'.

Since every natural vector bundle on M f, is just a natural bundle F' with a canonical
structure of vector bundle on each value F M and the values F(f) of morphisms of Mf,
are morphisms of vector bundles, the study of finite order natural vector bundles may be
considerably reduced to that state of affairs. In fact the study of vector bundles may be
envisaged exclusively through the formalism of associated bundles.
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Principal connections and induced
connections

The theory of connections on vector bundles emerged as the fruit of the endeavours of many
renewed great geometers. In reality, it is hard to track back the origin of the notion, but we
owe Riemann, Christoffel, Ricci, Levi-Civita, Heisenberg, Weyl and Schouten the foundations
of this central geometric concept and related concepts of parallel transport. The idea of a
connection was so charming that it attracts the attention of geometers. Consequently, many
attempts to generalize this notions have been made, and many of those attempts have achieved
a universal success.

Among those who succeeded were two masters of the French geometric school: Elie Cartan
and Charles Ehresmann. The notion of a connection on a principal fiber bundle and generally
on a fiber bundle was coined by Charles Ehresmann in his theory of espaces généralisés. But
it was E. Cartan who introduced the concept of connections on principal bundles through his
method of moving frames. Nevertheless, we owe Ehresmann the modern formulation of the
concept of a connection in a general fiber bundle.

How the theories of connections are related to each other? To give some partial answers
to this question is the aim of this short appendix.

D.1 Connections on principal bundles

Let (P,m, M) be a principal G-bundle. We denote by py = pu(.,g), for g € G, the principal
right action of G on P, and by g the Lie algebra of G. At each point p € P, the vertical
subspace ker(d,m) of T, P is denoted by V,(P). Denote by Ad the adjoint representation of
G on g.

Definition 47. A connection I' in P is an assignment of a subspace Hy(P) of TP to each
p € P, such that:

1. T,P=V,P® H,P,
2. (pg)«(HpP) = Hp o P,
3. H,P depends smoothly on p.

Smoothness in condition 3. is smoothness in the sense of distributions (c.f [79]). The
resulting distribution is generally called the horizontal distribution. Condition 2. means that
the horizontal distribution is invariant under the action of G. A connection on a principal
fiber bundle is referred to as a principal connection (c.f [35,53]), but we shall refer to those
objects as connections when no confusion may arise.
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At each p € P, a vector X € T),P is said to be wertical (resp. horizontal) if it lies in V,,P
(resp. HpP). Vertical (resp. horizontal) vector fields are defined in an obvious way. Every
vector X € T}, P can be uniquely decomposed as

X=Y+2,

where Y € V,P and Z € H,P. In this case Y and Z are called the vertical (resp. horizontal)
component. Vector fields decompose accordingly.

Each A € g generate a vector field on P in the following way. For every p € P, (a(p) =
dep(p, )(A), it is a vector field on P called the fundamental vector fields on P generated by
A with respect to the principal action of G on P. Furthermore, the map A — (4(p) defines
a linear isomorphism between g and V,P.

We shall show the equivalence between connections on P and a class of g-valued 1-forms.
Given V a G-module, that is a linear representation p : G — GL(V) of G on V. A
pseudotensorial form ¢ of degree r on P of type (p, V) is a V-valued r-form ¢ on P such that

(1g)«p = p(g~")p, forallg € G.

When V' = g and p = Ad, we speak of pseudotensorial forms of type Ad(G). A pseudoten-
sorial form ¢ is said to be a tensorial form if it is horizontal in the sense that p(X;,..., X;) =0
whenever one of the X;’s is vertical.

Given a connection I on P, we define a g-valued 1-form on P as follows: for each X € T}, P,
w(X) is the unique A € g such that (4(p) is the vertical component of X. Clearly, w(X) =0
if and only if X is horizontal. The 1-form w is called the connection form of the connection
r.

Proposition 88. (see [42]) The connection form w of a connection satisfies the following
conditions:

(a) w(Ca) = A, for all A€ g;

() (g)ew = Ad(g~Hw, that is w((Ry)«X) = Ad(g 1 )w(X) for every g € G and every
vector field X on P.

Conversely, given a g-valued 1-form w on P satisfying conditions (a) and (b), there exists a
unique connection I' in P whose connection form is w.

Hence giving a connection on P is equivalent to the specification of a g-valued 1-form
satisfying conditions (a) and (b) of Proposition 88. Condition (a) means that w is a pseu-
dotensorial of type (Ad, g).

Given a connection I' on P, the projection m : P — M induces linear isomorphisms
T+ HyP — Tr,yM. Those isomorphisms allows one to ‘lift” tangent vectors and vector
fields on the base to horizontal vectors and vector fields on P. The horizontal lift of a vector
field X on M is the unique vector field X® on P which is horizontal and which is m-related
to X,ie mXh=Xom.

Proposition 89. Given a connection in P and let X be a vector field on M, there is a unique
horizontal lift X" of X. The horizontal lift X" is invariant by wg for all g € G. Conversely,
every horizontal vector field on P invariant by G is the horizontal lift of a vector field X on
M.

Horizontal lifts enjoy the following properties.

Proposition 90. Let X" and Y be the horizontal lifts of X and Y, respectively. Then
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1. XM+ Y is the horizontal lift of X +Y,

2. For every function f € C°(M), f'X" is the horizontal lift of fX, with f* = fon is
the vertical lift of f,

8. The horizontal component of [X",Y"] is the horizontal lift of [X,Y].

The expression of connections as pseudotensorial 1-forms of type Ad(G) gives a global
vision. Nevertheless, it is possible to express connections locally. For more details on the
local theory of principal connections, we refer the reader to [42].

Concerning the existence of connections, we have the following result:

Theorem 33. (see [42]) Every principal fiber bundle admits a connection.

The latter theorem works even when the base is only a paracompact manifold. But
paracompactness follows from our definition of a manifold, namely the assumptions that
manifolds must be Hausdorff and second countable.

By analogy with the case of connections on vector bundles, one of the ways to ‘connect’
fibers is through the introduction of a ‘displacement’ of the elements of a fiber to another
fiber. A connection on a principal bundle gives rise to the notion of parallel displacement in
the given bundle.

A curve in P is said to be horizontal if each of its tangent vectors is horizontal. If ~(¢),
a <t <b,is a piecewise differentiable curve of class C' in the base M, a horizontal lift of v
is a piecewise differentiable horizontal curve v* of class C! in P which projects onto ~.

Proposition 91. ( [42]) Let v(t), 0 <t < 1, be a curve of class C* in M. For every po € P,
with w(po) = v(0), there exists a unique lift v* of v which starts at py.

Horizontal lifts of curves and horizontal lift of vector fields are related in the following way:
the horizontal lift of an integral curve of X € X(M) is an integral curve of the horizontal lift
X"

Now, parallel displacement stems from the existence of the horizontal lift of curves in
the base. Indeed, if v(¢), 0 < t < 1, is a differentiable curve of class C' in M, and ug is a
point of P such that 7(pg) = xo, then the unique lift v* of ~ through pp has the end point
of p1 with 7(p1) = v(1). By varying po in the fiber 7=!(v(0)), we obtain a mapping of the
fiber 7~1(v(0)) onto the fiber 7~ !(y(1)). Such a mapping is denoted by P, : 7~ 1(7(0)) —
7 1(y(1) and called parallel displacement along the curve v (or parallel transport along the
curve ). Furthermore, we have:

Proposition 92. ( [42]) The parallel displacement along any curve v commutes with the
action of G, i.e. Pyopg = pgoP,.

Parallel displacement can be defined on a piecewise smooth curve in an obvious way.
Furthermore, it is independent of its parametrization. Moreover, parallel displacement satisfies
the following properties:

Proposition 93. Let v(t), a <t < b, and §(s), ¢ < s < d, be two piecewise differentiable
curves of class C' in M, then

1. Parallel displacement along v~ !

v~ 1 is the inverse curve of 7,

1s the inverse of parallel displacement along 7y, where

2. If v(b) = d(c), then the parallel displacement along the composite curve v * § is the
composite of parallel displacement along & followed by parallel displacement along ~y.
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Consequently, parallel displacement along a curve is a diffeomorphism between the corre-
sponding fibers. Parallel displacements along loops combine to subgroups of diffeomorphisms
and give rise to holonomy groups. For a detailed exposition see [42].

Generally speaking, given a connection I' on P. The connection 1-form of I is a pseu-
dotensorial 1-form of type Ad(G). Denote by h : T,P — H,P the projection.

Lemma 20. Let V be a G-module. If ¢ is a pseudotensorial r-form on P of type (p, V'), then

1. The form defined by (oh)(X1,...,X;) = @(hX1,...,hX,), for X; € T,P, is a pseudoten-
sorial r-form of type (p, V),

2. dy is a pseudotensorial form (r + 1)-form of type (p, V),
3. The (r + 1)-form Dy defined by Dy = (dp)h is a tensorial form of type (p, V).

If ¢ is a pseudotensorial form, then the form D is called the covariant exterior derivative
of .

Definition 48. Let w be the connection 1-form of I'. The tensorial 2-form
Q) = Duw,
is called the curvature form of T'.
The curvature form 2 and the connection form w are related through the following:

Theorem 34. (see [42])(Structure equation) Let w be the connection form and Q the curvature

form. Then

dw(X,Y) = —%[W(X),W(Y)] +Q(X,Y),

for all X, Y € T,P and p € P, where [., ] is the Lie bracket of g.

Furthermore, we have:

Theorem 35. ( [42])(Bianchy’s identity) If ) is the curvature form of T, then D2 = 0.

D.2 Induced connections

Let F' be a left G-manifold, then one has the associated fiber bundle to P with standard fiber
F and structure group G, namely the fiber bundle (E, g, M) with E = P x5 F. The key
ingredient to define parallel displacement is the existence of horizontal lifts of curves in the
base. We shall see that a connection on principal bundles allows one to define a horizontal
distribution on an associated bundle in such a way the horizontal lift of curves to the associated
bundles ‘comes’ from the horizontal lifts of curves in the base to horizontal curves in P. As
matter of fact, a connection on a principal bundle induces connections on associated fiber
bundles.

Indeed, let T’ be a connection in P with connection form w € Q!(P,g) is its connection
form. At each point e = [p,f] € F with p € P and f € F, the wvertical subspace VP
is defined to be the tangent space to the fiber ng(ﬂ(p)) at e, which happens to be the
subspace ker(d.mg). To define the horizontal subspace of T.E, consider (p, f) € P X F such
that [p, f] = e and consider the map ¢ : P — E defined by ¢¢(p) = [p, f], then define
H.E := dyps(HyP). Clearly H.E does not depend on the choice of the representative of e
and H.FE is complementary to V. E. The resulting horizontal distribution is a connection in
E, called the induced connection. For more details on connections on fiber bundles in full
generality, we refer the reader to [35,42,53|.
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In an analogous fashion, a curve is said to be horizontal if its velocity vector field is
horizontal. A horizontal lift of a curve is a horizontal curve that projects to it. Let v be a
curve in M and let e = [p, f] be a point of E. Denote by v* the horizontal lift of v to P at
p, then it is easy to see that the curve v**(t) = [v*(¢), f] is the horizontal lift of v to E at e.
The uniqueness of v** stems from that of v* ( [42]). Furthermore, a section of E is said to be
parallel if the image of T, M by o is horizontal for each x € M. If v is a curve relating xg to
x1, then parallel displacement (or parallel transport) of o(x() along ~y is defined to be y(z1).

D.3 Connections on vector bundles as induced connections

Since every vector bundle arise as an associated vector bundle to some principal fiber bun-
dle, connection theory on vector bundles may be derived from the theory of connections on
principal fiber bundles.

Let E be an associated vector, with standard fiber V', to the principal bundle P. Assume
that P is endowed with a connection I' with a connection form w. We shall show that induced
connections on associated vector bundles give covariant derivatives directly.

First the induced connection allows one to define parallel displacement (or parallel trans-
port) on E. Indeed, let v : [0,1] — M be a smooth curve in M and let v* : [0,1] — P
be the horizontal lift of v to p € P with respect to I'. Then, for every v € V, the curve
v :]0,1] — E with v**(t) = [y*(¢), v] is the horizontal lift of e = [p,v] € E. This gives a
map

P r i (y(8) —> 7 (y(E+B)), Phe) = v (t+ h)

Thus the parallel displacement is used to define a differential operator on sections along
the curve ~y as follows

Vi = lim = (B (o3t 4 1)) — o (3(1)).
The map V satisfies the axioms of a covariant derivative (see [42]| for details). This way
the induced connection gives rise to a covariant derivative which allows one to differentiate
sections and hence to do differential geometry on associated vector bundles.
Consequently, connections on vector bundles constitute just a manifestation of the much
deeper concept of Ehresmann connections on principal bundles. For more on this topic and
the relevance of this formalism the reader may consult [70].
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Appendix E

Conclusion and perspectives

The Riemannian geometry of vector bundles can be seen as a natural extension of the geometry
of tangent bundles . For more than seventy years, dozens of papers and notes have been
devoted to different aspects of the geometry of tangent bundles. But vector bundles in the
large still constitute a fertile field for research. We don’t claim that tangent bundles are
exhausted, but we certainly claim that vector bundles still need exploration. There is a
plenty of research directions to carry.

Spherically symmetric metrics were one of the most serious attempts to explore in depth
the geometry of the vast class of vector bundle manifolds. It is a general principle in math-
ematics, that by passing to more general objects, one can understand better the particular
cases. That’s exactly what happened with vector bundles and tangent bundles as particular
cases. We understand now why the geometry of tangent bundles is very rich. The study of
vector bundles in the general has shed light on the difficulties encountered when one tries to
generalize the results and constructions accomplished with tangent bundles. So, we under-
stand the relevance of the different ingredients as well as the peculiarity of tangent bundles.

Though the class of spherically symmetric metrics showed a rigidity with respect to sec-
tional curvature, the geometric properties related to Ricci curvature still deserve a deep ex-
ploration. It is true that we have indications on rigidity with respect to Ricci and scalar
curvatures, but we believe that there is a lot more to do with this class of metrics. The
rigidities encountered can be explained by the following facts:

e The projection of the vector bundle, when endowed with a spherically symmetric metric,
has totally geodesic fibers;

e The dependence of the weight functions on the square norm only and not on the base
point.

Thus, we suggest that the future endeavours should be focused on metrics for which the
projections do not have totally geodesic fibers and perhaps with more general weight functions.

Concerning the harmonicity of sections, a similar problem occurs. The Euler-Lagrange
equations are non-linear PDEs, hence the difficulty to solve them in the full generality. Be-
cause of the complexity of the Fuler-Lagrange equations, we have been compelled to consider
sections of constant length, and parallel sections in particular. This imposes a topological
obstruction on the total spaces, since it requires the total space to have a vanishing Euler-
Poincaré characteristic. Once again, it seems that the choice of weight functions plays a
decisive role.

The geometry of vector bundles and its generalizations to fiber bundles is very promising.
It lies at the heart of current research in mathematical physics. So, if we can establish a bridge
with the physical community’s efforts, we believe that there is a fair chance to contribute to
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the contemporary mathematical and physical endeavours to harness a better understanding
of our universe.

We don’t claim in this thesis neither a full understanding of the Riemannian geometry of
vector bundles nor an exhaustion of the subject. There are countless questions to ask about
those spaces. To explore them in more details, we suggest a sample of the questions we wish
to carry on in our future research.

E.0.1 In differential and Riemannian geometry

1.

Complex and symplectic geometry: in a forthcoming paper in collaboration with
Prof. M.T.K Abbassi and the PhD student Reda El Masdouri, we will consider complex
geometry of vector bundle manifolds. We have constructed an almost complex structure
as well as an almost symplectic structure compatible with spherically symmetric metrics
provided that the base and fibers possess the respective structures. The aim is to
construct new Kdhler manifolds from old ones.

Geometric analysis: it has been clear that the expressions of the Ricci curvature are
complicated, which make analysis almost impossible. It is worthwhile to investigate its
sign. One of the approaches is geometric analysis. More precisely, harmonic function
theory provide an interesting tool to do it. Indeed, a theorem of Yau asserts that in a
complete manifold with non-negative Ricci curvature, every positive harmonic function
must be constant. By studying some specific classes of functions, one could decide when
the total space has positive Ricci curvature. This is the object of a forthcoming paper
with Prof. M.T.K Abbassi.

Grassmannians: the Grassmannians constitute very interesting examples of manifolds
and fiber bundles. The study of the Riemannian geometry of those spaces is the object
of a forthcoming paper in collaboration with Prof. M.T.K Abbassi and the PhD student
Houda KHARCHAL. Moreover, it seems that Finsler geometry is suitable for Grass-
mannians, since their elements can be identified with projectors and hence fibers could
be easily endowed with a norm. So, Finsler geometry of Grassmannians is interesting
to be investigated.

. Ricci solitons: we have studied conformal vector fields of spherically symmetric met-

rics. We have computed the Ricci curvature tensor. Since the search for Einstein
spherically symmetric metrics, at least in the case of a non-flat connection, did not
reveal interesting results, it would be interesting to look for Ricci solitons instead.

Invariants: though characteristic classes arise from connections on vector bundles,
they are cohomological invariants, thus they have a topological flavour. It is true that,
in many situations, they contain geometric informations. But we still luck sensitive
‘smooth invariants’ that capture the ‘smoothness’ in the structure of vector bundles.
So, it is an interesting problem to look at, if any such invariant exists.

E.0.2 In mathematical physics

1.

126

A search for unification: string theories are currently among the major endeavours of
the mathematical and physical communities. It is a potential GTU (Grand unified the-
ory). String theorists postulate the existence of hidden dimensions and one of the core
conjectures is that at each point the hidden dimensions are wrapped up in a six dimen-
sional Calabi-Yau manifold (seven dimensional in some versions) [71]. Since Calabi-Yau
manifolds are compact Kdhler manifolds which are Ricci-flat (or equivalently with triv-
ial canonical line bundle). We think that fiber bundles with compact fibers may serve
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as model spaces for those theories. Hence a generalization of the studies accomplished
so far to this framework is in order. We believe that we must construct metrics on fiber
bundles with compact fibers and for which the projection does not have totally geodesic
fibers. It is noteworthy that some attempts have been done, for a different purpose from
ours, in the case of principal fiber bundles [28,88].

String theories, as approaches to quantum gravity, are based on the quantization of
Yang-Mills theories. On the other hand, general relativity, that is the field theory of
gravitation, is a gauge theory but physicists still can not make it into a Yang-Mills
theory. The problem is that we don’t know how to quantize a general gauge field
theory. May be we should write down the equations in a more general structure, so we
can provide a general process for quantization. Perhaps this can be done by considering
a fiber bundle instead of a vector bundle. Since we need some Riemannain structure on
fibers, we have to generalize the construction of some of metrics we studied, or create
new ones if necessary, in this general framework.

2. Induced connections: we know for sure that every vector bundle is associated to some
principal fiber bundle. Since the fundamental field of every field theory is the curvature
of a connection, e.g. the Faraday tensor for electromagnetism or the curvature of a
Yang-Mills connection in general, how can we interpret this in the language of principal
fiber bundles and what’s the physical interpretation of this link.
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- isomorphism, 16
- morphism, 16
complex -, 12
real -, 12
vector bundle
- charts, 12
-atlas, 12
associated -, 147
dual -, 21
induced -, 26
Riemannian -, 27
trivial -, 14
vertical
- subspace, 20
-lift, 20
-vector field, 20
-vectors, 20
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1- Let m, n, r, s et ¢ be integers, m # 0, n # 0.
N: the set of natural numbers,

R: the set of real numbers,

R*: the set of non-negative real numbers,

R;}: the set of positive real numbers,

R*: the set of non vanishing real numbers,

R™: the vector space of m-tuples of real numbers,
(R™)*: the dual space R™,

ty: the translation by x € R™ in R™,

GL(m) = GL(m,R): the general linear group,
O(m): the orthogonal group,

SO(m): special orthogonal group,

2- Denote by M et N two smooth manifold, i.e. differentiable of class C*>°, with
respective dimensions m et n, and let 7 : £ — M be a vector bundle over M

C*°(M): the algebra of smooth functions C*° on M,
C>(M, N): the space of smooth maps from M to N,
['(E): the vector space of smooth sections of £ — M,
T,M: tangent space to M at x € M,

T M: the total space of the tangent bundle to M,

mar: the natural projection of T M,

myr c TM — M: the tangent bundle to M,

X(M): the Lie algebra of smooth vector fields M,

T (z)(M): the space of tensor fields of type (r,s) on T, M,
T(x): the space of all tensors on T, M,

IT(M): the vector bundle of tensors of type (r,s) on M,

T(M): the space of tensor fields of types (r,s) on M,
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T(M): the algebra of all tensors on M,
Vu(TM): the vertical sub-space of T, (T'M),

V(TM): the vertical subspace of TTM,

3-Let f: M — N be a smooth map on M:
df: the differential f
d, f: the differential of f at x € M,

4- Let M and N be a smooth manifolds, and let £ and F' be two vector bundles
with the same base M :

['(E): the set of section of E,

supp(o): the support of a section o,

®: tensor product,

@: direct sum,

E*: dual vector bundle,

p*E: the pullback of E by a map ¢ : N — M,

E ® F: the tensor product F and F,

E @ F: the direct sum (or the Whitney sum) of F and F,

Hom(E, F'): the vector bundle of vector bundle homomorphisms between E and F,

P(E): the principal bundle of frames of F,

5- Let (FE,m, M) be a vector bundle:
D: denote a connection on FE,
K: the connection map of D,
A or Ap: the rough Laplacian associated to D,
R or RP: the curvature of D,
I the Christoffel symbols of D,
dp: exterior covariant differentiation of D,
V: the vertical subbundle of TE,
H: the horizontal distribution with respect to D,
P: parallel transport with respect to D,
&: the tautological vector field of F,

X": the horizontal lift of X,
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o the vertical lift of o,

6- Let (M, g) be a Riemannian manifold
V : Levi-Civita connection of (M, g),
dg: (geodesic) distance associated to g,
vg: the Riemannian volume element of (M, g),
L(.): the length functional,
Ffj: Christoffel symbols of V,
Vx: covariant differentiation along X,
Vg: the Laplace-Beltrami of (M, g),
T: torsion of V,
R: curvature of V,
Ric: Ricci curvature tensor of V,
K: the sectional curvatures of (M, g),
Sec: the scalar curvature of (M, g),
H,TM: horizontal subspace T,,(T M),
HTM: horizontal subbundle TT'M with respect to V (or horizontal distribution),

VIT'M: vertical subbundle TT'M,

7-Let (M, g) be a Riemannian manifold with metric connection V:
Lx: the Lie derivative with respect to a vector field X.
V(.): gradient vector field,

div: divergence operator,

8- Known metrics on vector bundles
G?®: the Sasaki metric,
G: the Cheeger-Gromoll metric,

GP9: generalized Cheeger-Gromoll metrics.

9- For a spherically symmetric metric G on a vector bundle F
V: Levi-Civita connection of G,

R: curvature tensor of G,

Ricc: Ricci curvature tensor G,
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K: sectional curvatures of G,

S: scalar curvature of GG.

10- Let ¢ : (M,g9) — (N,h), and let (E,7,M) as before and endowed with a
spherically symmetric metric G

E(¢): the energy functional of ¢,
7(¢): tension field of ¢,

E?(0): vertical energy functional of o,
7V(0): vertical tension field of o,

For a multi-index o = (g, ..., ) and z = (x!,...,2™) € R™ set
la| = a1 + ... + o,
al = al..ap!,
z = (xl)a. (zm)om,
Do — glel

(Oxl)1.. .9z )om >

11- Jets and jet manifolds
Juof + r-jet of amap f: M — N with source z,
J"(M,N): the set of r-jets from M to N,
7h: jet projection of r-jets to s-jets with (0 < s <r),
J(’"a?,y)(]\/[, N): the set of r-jets form M to N with source x and target v,
L7 : the r-th differential group of R™,
Ly, . the set of jets of mappings R™ — R™ with source 0 and target 0,
mi(r > s): jet projection of Ly, , on Ly, .
L(M): the bundle of linear frames,

F"(M): the bundle of higher order frames,

12- Let G be a Lie group and let a € G:
R,: right translation by a,
g: the Lie algebra of G,
expg: the exponential map g — G,
P(M,G) ou (P,m,M,G): a principal fiber bundle with structure group G, basis M and pro-
jection T,
13- Categories and related notions:
C: a category,
ObC: the class of objects of C,
gf ou go f: composition of morphisms f and ¢ in C,
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Ens: category of sets and maps,
Top: category of topological spaces and continuous maps,

Gr: category of groups and their homomorphisms,

T:C— D ouC 5 D: functors between two categories C et D,
T A: the image of an object A in C by a functor T,

T f: the image of a morphism f de C by a functor T,

14- Useful categories:
VF: the category of vector bundles together with vector bundle morphisms,
VFm: the category of vector bundles over m-dimensional manifolds and their morphisms,
M f: the category of smooth maps C°,
M fr: the category m-dimensional manifolds with local diffeomorphisms,
PB: the category of principal fiber bundles,

PB,,: the category of principal fiber bundles over m-dimensional manifolds with principal
fiber morphisms covering local diffeomorphisms,

PB(G): the category of principal fiber bundles with structure group G,

15- Some natural vector bundles
F: Mf,, — FM: anatural fiber bundle on M f,,,
F: Mf— FM: anatural fiber bundle Mf,
S = FyR™: standard fiber of F,
F,.M: the fiber de FM over x € M,
Id gy, : Mfim — M fr: the identity functor M fp,,
B:FM — Mf : the base functor,
T: Mfy, = FMy or T : Mf — FM: the tangent bundle functor,
T Mfp — VF, or T" : Mf — VF: cotangent bundle functor ,

N M f — VFu: the bundle of r-linear alternate mappings.
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