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Foreword

The present book aims to give a fairly comprehensive account of the
fundamentals of differential manifolds and differential geometry. The size
of the book influenced where to stop, and there would be enough material
for a second volume (this is not a threat).

At the most basic level, the book gives an introduction to the basic
concepts which are used in differential topology, differential geometry, and
differential equations. In differential topology, one studies for instance
homotopy classes of maps and the possibility of finding suitable differen-
tiable maps in them (immersions, embeddings, isomorphisms, etc.). One
may also use differentiable structures on topological manifolds to deter-
mine the topological structure of the manifold (for example, a la Smale
[Sm 67]). In differential geometry, one puts an additional structure on the
differentiable manifold (a vector field, a spray, a 2-form, a Riemannian
metric, ad lib.) and studies properties connected especially with these
objects. Formally, one may say that one studies properties invariant under
the group of differentiable automorphisms which preserve the additional
structure. In differential equations, one studies vector fields and their in-
tegral curves, singular points, stable and unstable manifolds, etc. A certain
number of concepts are essential for all three, and are so basic and elementary
thatit is worthwhile to collect them together so that more advanced expositions
can be given without having to start from the very beginnings.

Those interested in a brief introduction could run through Chapters I,
111, IV, V, VII, and most of Part III on volume forms, Stokes’ theorem,
and integration. They may also assume all manifolds finite dimensional.

Charts and local coordinates. A chart on a manifold is classically a
representation of an open set of the manifold in some euclidean space.
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Using a chart does not necessarily imply using coordinates. Charts will be
used systematically. It will be observed equally systematically that finite
dimensionality is hereby not used.

It is possible to lay down at no extra cost the foundations (and much
more beyond) for manifolds modeled on Banach or Hilbert spaces rather
than finite dimensional spaces. In fact, it turns out that the exposition
gains considerably from the systematic elimination of the indiscriminate
use of local coordinates xi,...,x, and dxi,...,dx,. These are replaced by
what they stand for, namely isomorphisms of open subsets of the manifold
on open subsets of Banach spaces (local charts), and a local analysis of the
situation which is more powerful and equally easy to use formally. In most
cases, the finite dimensional proof extends at once to an invariant infinite
dimensional proof. Furthermore, in studying differential forms, one needs to
know only the definition of multilinear continuous maps. An abuse of mul-
tilinear algebra in standard treatises arises from an unnecessary double du-
alization and an abusive use of the tensor product.

I don’t propose, of course, to do away with local coordinates. They
are useful for computations, and are also especially useful when integrating
differential forms, because the dx; A --- A dx,. corresponds to the
dxy - - -dx, of Lebesgue measure, in oriented charts. Thus we often give
the local coordinate formulation for such applications. Much of the
literature is still covered by local coordinates, and I therefore hope that the
neophyte will thus be helped in getting acquainted with the literature. 1
also hope to convince the expert that nothing is lost, and much is gained,
by expressing one’s geometric thoughts without hiding them under an ir-
relevant formalism.

I am aware of a widespread apprehensive reaction the moment some
geometers or students see the words ‘“‘Banach space” or “Hilbert mani-
fold”. As a possible palliative, I suggest reading the material assuming
from the start that Banach space means finite dimensional space over the
reals, and Hilbert manifold or Riemannian manifold means a finite di-
mensional manifold with a metric, with the local constant model being
ordinary euclidean space. These assumptions will not make any proof
shorter.

One major function of finding proofs valid in the infinite dimensional
case is to provide proofs which are especially natural and simple in the
finite dimensional case. Even for those who want to deal only with finite
dimensional manifolds, I urge them to consider the proofs given in this
book. In many cases, proofs based on coordinate free local representations
in charts are clearer than proofs which are replete with the claws of a
rather unpleasant prying insect such as I“Jk, Indeed, the bilinear map
associated with a spray (which is the quadratic map corresponding to a
symmetric connection) satisfies quite a nice local formalism in charts. I
think the local representation of the curvature tensor as in Proposition 1.2
of Chapter IX shows the efficiency of this formalism and its superiority over
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local coordinates. Readers may also find it instructive to compare the proof
of Proposition 2.6 of Chapter IX concerning the rate of growth of Jacobi
fields with more classical ones involving coordinates as in [He 78], pp. 71-73.

Applications in Infinite Dimension

It is profitable to deal with infinite dimensional manifolds, modeled on a
Banach space in general, a self-dual Banach space for pseudo Riemannian
geometry, and a Hilbert space for Riemannian geometry. In the standard
pseudo Riemannian and Riemannian theory, readers will note that the
differential theory works in these infinite dimensional cases, with the Hopf-
Rinow theorem as the single exception, but not the Cartan—Hadamard
theorem and its corollaries. Only when one comes to dealing with volumes and
integration does finite dimensionality play a major role. Even if via the
physicists with their Feynman integration one eventually develops a coherent
analogous theory in the infinite dimensional case, there will still be something
special about the finite dimensional case. :

The failure of Hopf-Rinow in the infinite dimensional case is due to a
phenomenon of positive curvature. The validity of Cartan-Hadamard in the
case of negative curvature is a very significant fact, and it is only recently
being realized as providing a setting for major applications. It is a general
phenomenon that spaces parametrizing certain structures are actually infinite
dimensional Cartan—-Hadamard spaces, in many contexts, e.g. Teichmuller
spaces, spaces of Riemannian metrics, spaces of Kihler metrics, spaces of
connections, spaces associated with certain partial differential equa-
tions, ad lib. Cf. for instance the application to the KdV equation in
[ScTZ 96}, and the comments at the end of Chapter XI, §3 concerning
other applications.

Actually, the use of infinite dimensional manifolds in connection with
Teichmuller spaces dates back some time, because as shown by Bers, these
spaces can be embedded as submanifolds of a complex Banach space. Cf.
[Ga 87], [Vi 73]. Viewing these as Cartan-Hadamard manifolds comes
from newer insights.

For further comments on some recent aspects of the use of infinite
dimension, including references to Klingenberg’s book [K1 83/95], see the
introduction to Chapter XIII.

Of course, there are other older applications of the infinite dimensional
case. Some of them are to the calculus of variations and to physics, for
instance asin Abraham—Marsden [AbM 78]. It may also happen that one does
not need formally the infinite dimensional setting, but thatitis useful to keep in
mind to motivate the methods and approach taken in various directions. For
instance, by the device of using curves, one can reduce what is a priori an
infinite dimensional question to ordinary calculus in finite dimensional space,
as in the standard variation formulas given in Chapter XI, §1.
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Similarly, the proper domain for the geodesic part of Morse theory is
the loop space (or the space of certain paths), viewed as an infinite di-
mensional manifold, but a substantial part of the theory can be developed
without formally introducing this manifold. The reduction to the finite
dimensional case is of course a very interesting aspect of the situation,
from which one can deduce deep results concerning the finite dimensional
manifold itself, but it stops short of a complete analysis of the loop space.
(Cf. Boot [Bo 60], Milnor [Mi 63].) See also the papers of Palais [Pa 63]
and Smale [Sm 64].

In addition, given two finite dimensional manifolds X, Y it is fruitful to
give the set of differentiable maps from X to Y an infinite dimensional
manifold structure, as was started by Eells [Ee 58], [Ee 59], [Ee 61],
[EeS 64], and [Ee 66]. By so doing, one transcends the purely formal
translation of finite dimensional results getting essentially new ones, which
would in turn affect the finite dimensional case. For other connections
with differential geometry, see [El 67].

Foundations for the geometry of manifolds of mappings are given in
Abraham’s notes of Smale’s lectures [Ab 60] and Palais’s monograph
[Pa 68].

For more recent applications to critical point theory and submanifold
geometry, see [PaT 88].

In the direction of differential equations, the extension of the stable and
unstable manifold theorem to the Banach case, already mentioned as a
possibility in earlier versions of Differential Manifolds, was proved quite
elegantly by Irwin [Ir 70], following the idea of Pugh and Robbin for dealing
with local flows using the implicit mapping theorem in Banach spaces. 1have
included the Pugh-Robbin proof, but refer to Irwin’s paper for the stable
manifold theorem which belongs at the very beginning of the theory of
ordinary differential equations. The Pugh—Robbin proof can also be adjusted
to hold for vector fields of class H? (Sobolev spaces), of importance in partial
differential equations, as shown by Ebin and Marsden [EbM 70].

It is a standard remark that the C*-functions on an open subset of a
euclidean space do not form a Banach space. They form a Fréchet space
(denumerably many norms instead of one). On the other hand, the implicit
function theorem and the local existence theorem for differential equations are
not true in the more general case. In order to recover similar results, a much
more sophisticated theory is needed, which is only beginning to be developed.
(Cf. Nash’s paper on Riemannian metrics [Na 56], and subsequent con-
tributions of Schwartz [Sc 60] and Moser [Mo 61].) In particular, some ad-
ditional structure must be added (smoothing operators). Cf. also my Bourbaki
seminar talk onthe subject[La 61]. This goesbeyond the scope of this book, and
presents an active topic for research.

On the other hand, for some applications, one may complete the C®-
space under a suitable Hilbert space norm, deal with the resulting Hilbert
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manifold, and then use an appropriate regularity theorem to show that
solutions of the equation under study actually are C*®.

I have emphasized differential aspects of differential manifolds rather
than topological ones. I am especially interested in laying down basic
material which may lead to various types of applications which have arisen since
the sixties, vastly expanding the perspective on differential geometry and
analysis. For instance, I expect the books [BGV 92] and [Gi 95] to be only
the first of many to present the accumulated vision from the seventies and
eighties, after the work of Atiyah, Bismut, Bott, Gilkey, McKean, Patodi,
Singer, and many others.

Negative Curvature

Most texts emphasize positive curvature at the expense of negative cur-
vature. I have tried to redress this imbalance. In algebraic geometry, it is
well recognized that negative curvature amounts more or less to “general
type”. For instance, curves of genus 0 are special, curves of genus 1 are
semispecial, and curves of genus = 2 are of general type. Thus I have
devoted an entire chapter to the fundamental example of a space of
negative curvature. Actually, I prefer to work with the Riemann tensor. 1
use “curvature” simply as a code word which is easily recognizable by people in
the field. Furthermore, Iinclude a complete account of the equivalence between
seminegative curvature, the metric increasing property of the exponential map,
and the Bruhat-Tits semiparallelogram law. Third, I emphasize the Cartan—
Hadamard further by giving a version for the normal bundle of a totally
geodesic submanifold. I am indebted to Wu for valuable mathematical and
historical comments on this topic.

There are several current directions whereby spaces of negative cur-
vature are the fundamental building blocks of some theories. They are
quotients of Cartan—-Hadamard spaces. I myself got interested in dif-
ferential geometry because of the joint work with Jorgenson, which
naturally led us to such spaces for the construction and theory of certain
zeta functions. Quite generally, we were led to consider spaces which admit
a stratification such that each stratum is a quotient of a Cartan—~Hadamard
space (especially a symmetric space) by a discrete group. That such
stratifications exist very widely is a fact not generally taken into account.
For instance, it is a theorem of Griffiths that given an algebraic variety
over the complex numbers, there exists a proper Zariski closed subset
whose complement is a quotient of a complex bounded domain, so in this
way, every algebraic variety admits a stratification as above, even with
constant negative curvature. Thurston’s approach to 3-manifolds could be
viewed from our perspective also. The general problem then arises how
zeta functions, spectral invariants, homotopy and homology invariants, -ad
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lib. behave with respect to stratifications, whether additively or otherwise.
In the Jorgenson-Lang program, we associate a zeta function to each
stratum, and the zeta functions of lower strata are the principal fudge
factors in the functional equation of the zeta function associated to the
main stratum. The spectral expansion of the heat kernel amounts to a
theta relation, and we get the zeta function by taking the Gauss transform
of the theta relation.

From a quite different perspective, certain natural “moduli” spaces for
structures on finite dimensional manifolds have a very strong tendency
to be Cartan-Hadamard spaces, for instance the space of Riemannian
metrics, spaces of Kahler metrics, spaces of connections, etc. which deserve
to be incorporated in a general theory.

In any case, I find the exclusive historical emphasis at the foundational
level on positive curvature, spheres, projective spaces, grassmanians, at the
expense of quotients of Cartan—Hadamard spaces, to be misleading as to
the way manifolds are built up. Time will tell, but I don’t think we’ll have
to wait very long before a radical change of view point becomes prevalent.

New Haven, 1998 SERGE LANG
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CHAPTER |

Differential Calculus

We shall recall briefly the notion of derivative and some of its useful
propertics. As mentioned in the foreword, Chapter VIII of Dieudonné’s
book or my books on analysis [La 83}, {La 93] give a self-contained and
complete treatment for Banach spaces. We summarize certain facts
concerning their properties as topological vector spaces, and then we
summarize differential calculus. The reader can actually skip this chapter
and start immediately with Chapter II if the reader is accustomed to
thinking about the derivative of a map as a linear transformation. (In the
finite dimensional case, when bases have been selected, the entries in the
matrix of this transformation are the partial derivatives of the map.) We
have repeated the proofs for the more important theorems, for the ease of
the reader.

It is convenient to use throughout the language of categories. The
notion of category and morphism (whose definitions we recall in §l) is
designed to abstract what is common to certain collections of objects and
maps between them. For instance, topological vector spaces and con-
tinuous linear maps, open subsets of Banach spaces and differentiable
maps, differentiable manifolds and differentiable maps, vector bundles and
vector bundle maps, topological spaces and continuous maps, sets and just
plain maps. In an arbitrary category, maps are called morphisms, and in
fact the category of differentiable manifolds is of such importance in this
book that from Chapter II on, we use the word morphism synonymously
with differentiable map (or p-times differentiable map, to be precise). All -
other morphisms in other categories will be qualified by a prefix to in-
dicate the category to which they belong.



4 DIFFERENTIAL CALCULUS (I, §1]

I, §1. CATEGORIES

A category is a collection of objects {X, Y,...} such that for two objects
X, Y we have a set Mor(X, Y) and for three objects X, ¥, Z a mapping
(composition law)

Mor(X, Y) x Mor(Y, Z) — Mor(X, Z)
satisfying the following axioms:

CAT 1. Two sets Mor(X, Y) and Mor(X’', Y') are disjoint unless
X=X"and Y=Y, in which case they are equal.

CAT 2. Each Mor(X, X) has an element idy which acts as a left and
right identity under the composition law.

CAT 3. The composition law is associative.

The elements of Mor(X, Y) are called morphisms, and we write fre-
quently f: X — Y for such a morphism. The composition of two
morphisms f, g is written fg or fog.

A functor 1: A — WA’ from a category U into a category A’ is a map
which associates with each object X in U an object A(X) in U, and with
each morphism f: X — Y a morphism A(f): AX) — AY) in A’ such
that, whenever f and g are morphisms in % which can be composed, then
M(fg) = A(f)Mg) and A(idy) = id;(x, for all X. This is in fact a covariant
functor, and a contravariant functor is defined by reversing the arrows
(so that we have A(f): A(Y) — A(X) and A(fg) = A9)A(f))-

In a similar way, one defines functors of many variables, which may be
covariant in some variables and contravariant in others. We shall meet
such functors when we discuss multilinear maps, differential forms, etc.

The functors. of the same variance from one category U to another A’
form themselves the objects of a category Fun(, 20’). Its morphisms will
sometimes be called natural transformations instead of functor morphisms.
They are defined as follows. If 1, u are two functors from U to A’ (say
covariant), then a natural transformation ¢: 1 — u consists of a collection

of morphisms £ A(X) = u(X)
as X ranges over 2, which makes the following diagram commutative for
any morphism f: X — Y in U:
) — u(x)
e )l lu(f )
MY) —— ¥

Y
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In any category A, we say that a morphism f: X — Y is an iso-
morphism if there exists a morphism g: ¥ — X such that fg and gf are
the identities. For instance, an isomorphism in the category of topological
spaces is called a topological isomorphism, or a homeomorphism. In
general, we describe the category to which an isomorphism belongs by
means of a suitable prefix. In the category of sets, a set-isomorphism is
also called a bijection.

If f: X - Y is a morphism, then a section of f is defined to be a
morphism ¢g: ¥ — X such that fog =idy.

I, §2. TOPOLOGICAL VECTOR SPACES

The proofs of all statements in this section, including the Hahn-Banach
theorem and the closed graph theorem, can be found in [La 93].

A topological vector space E (over the reals R) is a vector space with a
topology such that the operations of addition and scalar multiplication are
continuous. It will be convenient to assume also, as part of the definition,
that the space is Hausdorff, and locally convex. By this we mean that
every neighborhood of 0 contains an open neighborhood U of 0 such that,
if x, yarein Uand 0 < ¢ <1, then tx+ (1 — 1)y also lies in U.

The topological vector spaces form a category, denoted by TVS, if we
let the morphisms be the continuous linear maps (by linear we mean
throughout R-linear). The set of continuous linear maps of one topo-
logical vector space E into F is denoted by L(E,F). The continuous
r-multilinear maps

V: Ex--.xE—>F

of E into F will be denoted by L'(E, F). Those which are symmetric (resp.
alternating) will be denoted by Li(E,F) or L[ (E,F) (resp. L'(E, F)).
The isomorphisms in the category TVS are called toplinear isomorphisms,
and we write Lis(E, F) and Laut(E) for the toplinear isomorphisms of E
onto F and the toplinear automorphisms of E.

We find it convenient to denote by L(E), L"(E), L!(E), and L(E) the
continuous linear maps of E into R (resp. the continuous, r-multilinear,
symmetric, alternating maps of E into R). Following classical termi-
nology, it is also convenient to call such maps into R forms (of the
corresponding type). If E;,...,E, and F are topological vector spaces,
then we denote by L(E,,...,E,;F) the continuous multilinear maps of the
product E; x --- x E, into F. We let:

End(E) = L(E, E),
Laut(E) = elements of End(E) which are invertible in End(E).

The most important type of topological vector space for us is the
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Banachable space (a TVS which is complete, and whose topology can be
defined by a norm). We should say Banach space when we want to put
the norm into the structure. There are of course many norms which can
be used to make a Banachable space into a Banach space, but in prac-
tice, one allows the abuse of language which consists in saying Banach
space for Banachable space (unless it is absolutely necessary to keep the
distinction). Continuous linear maps of Banach spaces are called operators.

For this book, we assume from now on that all our topological vector
spaces are Banach spaces. We shall occasionally make some comments to
indicate where it might be possible to generalize certain results to more
general spaces. We denote our Banach spaces by E, F,....

The next two propositions give two aspects of what is known as the
closed graph theorem.

Proposition 2.1. Every continuous bijective linear map of E onto F is a
toplinear isomorphism.

Proposition 2.2. If E is a Banach space, and Fy, F, are two closed
subspaces which are complementary (ie. E=F +F; and Fi nF, =0),
then the map of Fy xF, onto E given by the sum is a toplinear
isomorphism.

We shall frequently encounter a situation as in Proposition 2.2, and if F
is a closed subspace of E such that there exists a closed complement Fy
such that E is toplinearly isomorphic to the product of F and F; under the
natural mapping, then we shall say that F splits in E.

Next, we state a weak form of the Hahn-Banach theorem.

Proposition 2.3. Let E be a Banach space and x # 0 an element of E.
Then there exists a continuous linear map A of E into R such that

A(x) # 0.

One constructs 4 by Zorn’s lemma, supposing that 4 is defined on some
subspace, and having a bounded norm. One then extends A4 to the
subspace generated by one additional element, without increasing the
norm.

In particular, every finite dimensional subspace of E splits if E is
complete. More trivially, we observe that a finite codimensional closed
subspace also splits.

We now come to the problem of putting a topology on L(E, F). Let E,
F be Banach spaces, and let

A: E—-F

be a continuous linear map (also called a bounded linear map). We can
then define the norm of A4 to be the greatest lower bound of all numbers K
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such that
|[Ax| = K]x|

for all x e E. This norm makes L(E, F) into a Banach space.
In a similar way, we define the topology of L(E,,...,E,;F), which is a
Banach space if we define the norm of a multilinear continuous map

A: Eyx---xE, - F
by the greatest lower bound of all numbers K such that

[4(x1,- -, %) £ Klxq|--- x|
We have:

Proposition 2.4. If E,,...,E,, F are Banach spaces, then the canonical
map

L(E1, L(E,,...,L(E,, F),...)) = L'(E4,...,E,;F)

Jrom the repeated continuous linear maps to the continuous multilinear
maps is a toplinear isomorphism, which is norm-preserving, i.e. a Banach-
isomorphism.

The preceding propositions could be generalized to a wider class of
topological vector spaces. The following one exhibits a property peculiar
to Banach spaces.

Proposition 2.5. Let E, F be two Banach spaces. Then the set of
toplinear isomorphisms Lis(E, F) is open in L(E, F).

The proof is in fact quite simple. If Lis(E, F) is not empty, one is
immediately reduced to proving that Laut(E) is open in L(E, E). We then
remark that if ue L(E, E), and |y| < 1, then the series

l+ut+u?+--

converges. Given any toplinear automorphism w of E, we can find an

open neighborhood by translating the open unit ball multiplicatively from
1 to w.

Again in Banach spaces, we have:

Proposition 2.6. If E, F, G are Banach spaces, then the bilinear maps

L(E, F) x L(F, G) — L(E, G),
L(E,F) xE > F,
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obtained by composition of mappings are continuous, and similarly for
multilinear maps.

Remark. The preceding proposition is false for more general spaces
than Banach spaces, say Fréchet spaces. In that case, one might hope that
the following may be true. Let U be open in a Fréchet space and let

f: U— L(E,F),
g: U~ L(F, G),

be continuous. Let y be the composition of maps. Then y(f, g) is
continuous. The same type of question arises later, with differentiable
maps instead, and it is of course essential to know the answer to deal with
the composition of differentiable maps.

I, §3. DERIVATIVES AND COMPOSITION OF MAPS

A real valued function of a real variable, defined on some neighborhood of
0 is said to be o(z) if

lin& o(t)/t=0.

11—l

Let E, F be two topological vector spaces, and ¢ a mapping of a
neighborhood of 0 in E into F. We say that ¢ is tangent to 0 if, given a
neighborhood W of 0 in F, there exists a neighborhood V of 0 in E such
that

o(tV) co(t)W

for some function o(¢). If both E, F are normed, then this amounts to the
usual condition

lo(x)| < |x|y(x)

with lim ¢(x) =0 as |x| — 0.

Let E, F be two topological vector spaces and U open in E. Let
f: U —F be a continuous map. We shall say that f is differentiable at a
point xo € U if there exists a continuous linear map A of E into F such

that, if we let
flxo+y) = f(xo) + Ay + ()

for small p, then ¢ is tangent to 0. It then follows trivially that 4 is
uniquely determined, and we say that it is the derivative of f at x;. We
denote the derivative by Df(xp) or f’(xo). It is an element of L(E, F). If
f is differentiable at every point of U, then f’ is a map

f': U— L(E, F).
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It is easy to verify the chain rule.

Proposition 3.1. If f: U — V is differentiable at xy, if g: V — W is
differentiable at f(xp), then go f is differentiable at x,, and

(g f) (x0) = g'(f(x0)) o f'(x0).
Proof. We leave it as a simple (and classical) exercise.

The rest of this section is devoted to the statements of the differential
calculus. All topological vector spaces are assumed to be Banach spaces
(i.e. Banachable). Then L(E, F) is also a Banach space, if E and F are
Banach spaces.

Let U be open in E and let f: U — F be differentiable at each point of
U. If f' is continuous, then we say that f is of class C!. We define maps
of class CP (p = 1) inductively. The p-th derivative DPf is defined as
D(DP'f) and is itself a map of U into

L(E, L(E,...,L(E, F)--)

which can be identified with LP(E, F) by Proposition 2.4. A map f is said
to be of class CP if its kth derivative D*f exists for 1 < k < p, and is
continuous.

Remark. Let f be of class CF, on an open set U containing the origin.
Suppose that f is locally homogeneous of degree p near 0, that is

f(ex) = #f(x)

Jor all t and x sufficiently small. Then for all sufficiently small x we
have

1
fx)= ;—,D”f 0)x?,
where xP) = (x, x,...,x), p times.
This is easily seen by differentiating p times the two expressions for
f(tx), and then setting r = 0. The differentiation is a trivial application of

the chain rule.

Proposition 3.2. Let U, V be open in Banach spaces. If f: U — V and
g: V —F are of class CP, then so is go f.

From Proposition 3.2, we can view open subsets of Banach spaces as
the objects of a category, whose morphisms are the continuous maps of
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class CP. These will be called CP-morphisms. We say that f is of class
C® if it is of class C? for all integers p = 1. From now on, p is an
integer =0 or oo (C° maps being the continuous maps). In practice, we
omit the prefix CP if the p remains fixed. Thus by morphism, throughout
the rest of this book, we mean CP-morphism with p < co. We shall use
the word morphism also for CP-morphisms of manifolds (to be defined in
the next chapter), but morphisms in any other category will always be
prefixed so as to indicate the category to which they belong (for instance
bundle morphism, continuous linear morphism, etc.).

Proposition 3.3. Let U be open in the Banach space E, and let
f: U—F be a CP-morphism. Then DFf (viewed as an element of
LP(E, F)) is symmetric.

Proposition 3.4. Let U be open inE, and let fi: U — F; (i=1,...,n) be
continuous maps into spaces ¥;. Let f=(f1,..., f.) be the map of U
into the product of the F;. Then f is of class CP if and only if each f; is
of class CP, and in that case

DFf = (D*fq,...,DPf,).
Let U, V be open in spaces E;, E; and let

f: UxV—-F

be a continuous map into a Banach space. We can introduce the notion of
partial derivative in the usual manner. If (x, y) is in U x V and we keep
y fixed, then as a function of the first variable, we have the derivative as
defined previously. This derivative will be denoted by Djf(x, y). Thus

D1f: U x V——>L(E1,F)

is a map of U x V into L(E;, F). We call it the partial derivative with
respect to the first variable. Similarly, we have D, f, and we could take n
factors instead of 2. The total derivative and the partials are then related
as follows.

Proposition 3.5. Let Uy,..., U, be open in the spaces Ky, ... ,E, and let
f: Uy x -+ x U, — F be a continuous map. Then f is of class C? if and
only if each partial derivative D;f: Uy x --- U, — L(E;, F) exists and is
of class CP\. If that is the case, then for x=(x,...,%) and

v=(v1,-..,0n) EE1 X -+ X Ep,
we have

Df(x) . (vh---’vn) = ZD,-f(x)-v,-.
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The next four propositions are concerned with continuous linear and
multilinear maps.

Proposition 3.6. Let E, F be Banach spaces and f: E — F a continuous
linear map. Then for each x € E we have

f'x)=f.

Proposition 3.7. Let E, F, G be Banach spaces, and U open in E. Let
f: U—F be of class C? and g: ¥ — G continuous and linear. Then
go f is of class C? and

DP(go f) =goDf.
Proposition 3.8. If E,,...,E, and F are Banach spaces and
f:Ex---xE —F

a continuous multilinear map, then f is of class C®, and its (r+ 1)-st
derivative is 0. If r = 2, then Df is computed according to the usual rule
Jor derivative of a product ( first times the derivative of the second plus
derivative of the first times the second).

Proposition 3.9. Let E, F be Banach spaces which are toplinearly iso-
morphic. If u: E — F is a toplinear isomorphism, we denote its inverse
by u™\. Then the map

u— u!
from Lis(E, F) to Lis(F, E) is a C®-isomorphism. Its derivative at a
point uy is the linear map of L(E, F) into L(F, E) given by the formula

U= ualvugl.

Finally, we come to some statements which are of use in the theory of
vector bundles.

Proposition 3.10. Ler U be open in the Banach space E and let F, G be
Banach spaces.

(@) If f: U— L(E, F) is a CP-morphism, then the map of U x E into
F given by
(x, v) = f(x)v
is a morphism.

(@) If f: U—L(E,F) and g: U — L(F, G) are morphisms, then so
is y(f, g) (y being the composition).
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(i) If f: U—-R and g: U— L(E, F) are morphisms, so is fg (the
value of fg at x is f(x)g(x), ordinary multiplication by scalars).
(ivy If f, g: U— L(E, F) are morphisms, so is [ +g.

This proposition concludes our summary of results assumed without
proof.

I, §4. INTEGRATION AND TAYLOR’S FORMULA

Let E be a Banach space. Let I denote a real, closed interval, say
a<t=<bh A step mapping
f: I—-E

is a mapping such that there exists a finite number of disjoint sub-intervals
L,...,I, covering I such that on each interval I, the mapping has
constant value, say v;. We do not require the intervals J; to be closed.
They may be open, closed, or half-closed.

Given a sequence of mappings f, from I into E, we say that it converges
uniformly if, given a neighborhood W of 0 into E, there exists an integer
ny such that, for all n, m > ny and all ¢ € I, the difference f,(¢) — fi(z) lies
in W. The sequence f, then converges to a mapping f of I into E.

A ruled mapping is a uniform limit of step mappings. We leave to the
reader the proof that every continuous mapping is ruled.

If fis a step mapping as above, we define its integral

| “f- jb fOdi=Y ul);,

a

where (1) is the length of the interval J; (its measure in the standard
Lebesgue measure). This integral is independent of the choice of intervals
I; on which f is constant.

If fis ruled and f =1limf, (lim being the uniform limit), then the

sequence
b
j %

converges in E to an element of E independent of the particular sequence
Jfn used to approach f uniformly. We denote this limit by

be - be(t) dt

a a

and call it the integral of f. The integral is linear in f, and satisfies the
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b
usual rules concerning changes of intervals. (If b < a then we define J to

a

be minus the integral from b to a.)
As an immediate consequence of the definition, we get:

Proposition 4.1. Let i: E— R be a continuous linear map and let
f: I —E be ruled. Then Af = Ao f is ruled, and

p Jb £ dt = Jb Af(2) d.

Proof. If f, is a sequence of step functions converging uniformly to f;
then Af, is ruled and converges uniformly to 2f. Our formula follows at
once.

Taylor’s Formula. Let E, F be Banach spaces. Let U be open in E. Let
x, y be two points of U such that the segment x+ty lies in U for
05t Let

f: U>F

be a CP-morphism, and denote by y?) the “vector” (y,...,y) p times.
Then the function D?f(x + ty)- y®) is continuous in t, and we have

—1 (p—l)
fx+ ) =f(x)+D_fl(!L)z+...+%
1(1- P!
+[ Sy D e oy de

Proof. By the Hahn-Banach theorem, it suffices to show that both
sides give the same thing when we apply a functional A (continuous linear
map into R). This follows at once from Proposition 3.7 and 4.1, together
with the known result when F = R. In this case, the proof proceeds by
induction on p, and integration by parts, starting from

1
fx+9) = f6) = | Dftx+ )y
The next two corollaries are known as the mean value theorem.

Corollary 4.2. Let E, F be two Banach spaces, U open in E, and x, z two
distinct points of U such that the segment x + t(z — x) (0 < t £ 1) lies in
U. Let f: U—F be continuous and of class C'. Then

1f(2) = f(X)] = |z — x| sup|f'(S)I,

the sup being taken over & in the segment.
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Proof. This comes from the usual estimations of the integral. Indeed,
for any continuous map g: I — F we have the estimate

Jb g(t) dt| < K(b—a)

if K is a bound for g on I, and a < b. This estimate is obvious for step
functions, and therefore follows at once for continuous functions.

Another version of the mean value theorem is frequently used.

Corollary 4.3. Let the hypotheses be as in Corollary 4.2. Let x¢ be a
point on the segment between x and z. Then

|£(2) = f(x) = f(x0)(z = x)| < |z— x| sup|f'(&) — ' (o),
the sup taken over all & on the segment.
Proof. We apply Corollary 4.2 to the map
g(x) = f(x) = f'(x0)x.
Finally, let us make some comments on the estimate of the remainder

term in Taylor’s formula. We have assumed that D?f is continuous. There-
fore, DPf(x+ty) can be written

DPf(x +ty) = D°f(x) + ¥(», 1),
where ¢ depends on y, ¢t (and x of course), and for fixed x, we have
lim |y (y, )| =0
as [y| — 0. Thus we obtain:
Corollary 4.4. Let E, F be two Banach spaces, U open in E, and x a

point of U. Let f: U—F be of class CP, p 2 1. Then for all y such
that the segment x +ty lies in U (0 £t £ 1), we have

)
fx+y) =f(x)+%+---+915‘!)—y—+0(y)

with an error term 6(y) satisfying

lim 6(y)/|y” = 0.
y—0
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1, §5; THE INVERSE MAPPING THEOREM

The inverse function theorem and the existence theorem for differential
equations (of Chapter IV) are based on the next result.

Lemma 5.1 (Contraction Lemma or Shrinking Lemma). Let M be a
complete metric space, with distance function d, and let f: M — M be a
mapping of M into itself. Assume that there is a constant K, 0 < K < 1,
such that, for any two points x, y in M, we have

d(f(x), £(») < K d(x, y).

Then f has a unique fixed point (a point such that f(x) = x). Given any
point xg in M, the fixed point is equal to the limit of f"(xo) (iteration of
f repeated n times) as n tends to infinity.

Proof. This is a trivial exercise in the convergence of the geometric
series, which we leave to the reader.

Theorem 5.2. Let E, F be Banach spaces, U an open subset of E, and let
f: U—TF a CP-morphism with p =2 1. Assume that for some point
xo € U, the derivative f'(xy): E — F is a toplinear isomorphism. Then f
is a local CP-isomorphism at xy.

(By a local CP-isomorphism at xy,, we mean that there exists an open
neighborhood V of xy such that the restriction of f to V establishes a
CP-isomorphism between ¥ and an open subset of E.)

Proof. Since a toplinear isomorphism is a C®-isomorphism, we may
assume without loss of generality that E=F and f'(xp) is the identity
(simply by considering f’ (xo)_1 o f instead of f). After translations, we
may also assume that xy =0 and f(x) =0.

We let g(x) = x — f(x). Then g’(xp) =0 and by continuity there exists
r> 0 such that, if |x| < 2r, we have

1
lg' ()] <3-

From the mean value theorem, we see that |g(x)| < 1|+ and hence g
maps the closed ball of rac_lius r, B,(0) into B,/»(0). _

We contend: Given y € B,/(0), there exists a unique element x € B,(0)
such that f(x) = y. We prove this by considering the map

gy(x) =y + x — f(x).

If |y] <r/2 and |x| £ r, then |g,(x)| < r and hence g, may be viewed as
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a mapping of the complete metric space B,(0) into itself. The bound of %
on the derivative together with the mean value theorem shows that g, is a
contracting map, i.e. that

lgy(x1) — gy(x2)| = lg(x1) = g(x2)| £ L1 — x|

for x;, x; € B,(0). By the contraction lemma, it follows that gy has a
unique fixed point. But the fixed point of g, is precisely the solution of the
equation f(x) = y. This proves our contention.

We obtain a local inverse ¢ = f~!. This inverse is continuous, because

1 —x2] £ 1 (1) = fOe2)| + |g(x1) — g(x2)]

a1 — x| £ 2|f(xa) - f(x2)]-

and hence

Furthermore ¢ is differentiable in B,/;(0). Indeed, let y; = f(x1) and
y2 = f(x2) with yy, y, € B,;5(0) and x;, x; € B,(0). Then

lo(m) — 0(32) = £(2) " (31 = p2)) = 1 — x2 = £1(x2) " (F (1) — f(32))]-

We operate on the expression inside the norm sign with the identity

id = f'(x2) 7 £ (x2).

Estimating and using the continuity of f’, we see that for some constant
A, the preceding expression is bounded by

A|f'(x2)(x1 = x2) = f (x1) +f(x2)).

From the differentiability of f, we conclude that this expression is
o(x1 — xz) which is also o(y; — y,) in view of the continuity of ¢ proved
above. This proves that ¢ is differentiable and also that its derivative is
what it should be, namely

¢ =1 o),

for y € B,5(0). Since the mappings ¢, f’, “inverse” are continuous, it
follows that ¢’ is continuous and thus that ¢ is of class C!. Since taking
inverses is C* and f’ is CP71, it follows inductively that ¢ is C?, as was
to be shown.

Note that this last argument also proves:

Proposition 5.3. If f: U — V is a homeomorphism and is of class CP
with p = 1, and if f is a C'-isomorphism, then f is a CP-isomorphism.

(L, §5] THE INVERSE MAPPING THEOREM 17

In some applications it is necessary to know that if the derivative of a
map is close to the identity, then the image of a ball contains a ball of
only slightly smaller radius. The precise statement follows. In this book,
it will be used only in the proof of the change of variables formula, and
therefore may be omitted until the reader needs it.

Lemma 5.4. Let U be open in E, and let f: U —E be of class C'.
Assume that £(0) =0, f'(0)=1. Let r > 0 and assume that B,(0) = U.
Let 0 < s< 1, and assume that

If' @ - f(X) =5

for all x, ze B,(0). If yeE and |y| < (1—s)r, then there exists a
unique x € B,(0) such that f(x)=y.

Proof. The map g, given by g,(x) = x — f(x) + y is defined for |x| < r
and |y| £ (1 — s)r, and maps B,(0) into itself because, from the estimate

1f(x) = x| = f(x) = £(0) = £/(0)x] < Ix| sup|f’(z) — f'(O)| < sr,

we obtain
lgy(x)] £ sr+(1—s)r=r.

Furthermore, g, is a shrinking map because, from the mean value theorem,
we get

lgy(x1) — gy(x2)| = |1 — x2 = (f(x1) — f(x2))|
= |x1 — x3 — f(0)(x1 — x2) +6(x1, x2)|

= Ié(xla x2)|,
where
[6(x1, %2)| £ 1 — x2| sup|f'(z) = f'(O)] < slx1 — x2l.

Hence g, has a unique fixed point x € B,(0) which is such that f(x) = y.
This proves the lemma.

We shall now prove some useful corollaries, which will be used in
dealing with immersions and submersions later. We assume that morphism
means CP-morphism with p 2 1.

Corollary 5.5. Let U be an open subset of E, and f: U —F xFz a
morphism of U into a product of Banach spaces. Let xy € U, suppose
that f(xo) = (0, 0) and that f'(x) induces a toplinear isomorphism of E
and Fy =Fy x 0. Then there exists a local isomorphism g of 1 x F» at
(0, 0) such that

gof: U—-F xF
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maps an open subset Uy of U into ¥y x 0 and induces a local iso-
morphism of Uy at xo on an open neighborhood of 0 in F.

Proof. We may assume without loss of generality that Fi =E
(identify by means of f’(xp)) and xo =0. We define

¢: UxF; —-F) xF,
by the formula
¢(x, y2) = f(x) + (01 yZ)

for xe U and p, eF,. Then ¢(x, 0) = f(x), and
¢I(O, O) = f’(O) + (01 le)

Since f'(0) is assumed to be a toplinear isomorphism onto F; x 0, it
follows that ¢'(0,0) is also a toplinear isomorphism. Hence by the
theorem, it has a local inverse, say g, which obviously satisfies our
requirements.

Corollary 5.6. Let E, F be Banach spaces, U open in E, and f: U — F
a CP-morphism with p 2 1. Let xoe U. Suppose that f(xo) =0 and
f'(x0) gives a toplinear isomorphism of E on a closed subspace of F
which splits. Then there exists a local isomorphism g: F — F1 xF2 at 0
and an open subset U, of U containing xo such that the composite map
go [ induces an isomorphism of U, onto an open subset of F.

Considering the splitting assumption, this is a reformulation of
Corollary 5.5.

It is convenient to define the notion of splitting for injections. If E, F
are topological vector spaces, and A: E — F is a continuous linear map,
which is injective, then we shall say that A splits if there exists a toplinear
isomorphism o«: F— F; x F; such that ol induces a toplinear iso-
morphism of E onto F; =F; x0. In our corollary, we could have re-
phrased our assumption by saying that f'(xo) is a splitting injection.

For the next corollary, dual to the preceding one, we introduce the
notion of a local projection. Given a product of two open sets of Banach
spaces Vi x V2 and a morphism f: V; x V2 —» F, we say that fis a
projection (on the first factor) if f can be factored

VixVy— Vi —F

into an ordinary projection and an isomorphism of ¥; onto an open subset
of F. We say that fis a local projection at (a;, az) if there exists an open
neighborhood U; x U, of (a;, a;) such that the restriction of f to this
neighborhood is a projection.

[I, §5] THE INVERSE MAPPING THEOREM 19

Corollary 5.7. Let U be an open subset of a product of Banach spaces
E, x E; and (a1, a;) a point of U. Let f: U — F be a morphism into a
Banach space, say f(ay, a2) =0, and assume that the partial derivative

D f(a1, a3): Ey = F

is a toplinear isomorphism. Then there exists a local isomorphism h of a
product Vi x V3 onto an open neighborhood of (a1, a;) contained in U
such that the composite map

VixVa UL F
is a projection (on the second factor).
Proof. We may assume (a1, a;) = (0, 0) and E; =F. We define

@: E; XFq——>E1 x Ep
by
o(x1, x2) = (x1, f(x1, X2))

locally at (a;, @2). Then ¢’ is represented by the matrix

( id; 0 )

D\f Dif

and is therefore a toplinear isomorphism at (ay, a;). By the theorem, it
has a local inverse & which clearly satisfies our requirements.

Corollary 5.8. Let U be an open subset of a Banach space E and
f: U — F a morphism into a Banach space ¥. Let xy € U and assume
that f'(xo) is surjective, and that its kernel splits. Then there exists an
open subset U' of U containing xy and an isomorphism

h: MxV,—-U
such that the composite map f oh is a projection

V1XV2——> V1——>F.

_ Proof. Again this is essentially a reformulation of the corollary, taking
mmto account the splitting assumption.

Theorem 5.9 (The Implicit Mapping Theorem). Let U, V be open sets in
Banach spaces E, F respectively, and let

[ UXxV—->G
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be a CP mapping. Let (a,b) e U x V, and assume that
sz(a, b): F— G
is a toplinear isomorphism. Let f(a,b)=0. Then there exists a

continuous map g: Uy — V defined on an open neighborhood Uy of a
such that g(a) = b and such that

f(x7 g(x)) =0

for all xe Up. If Uy is taken to be a sufficiently small ball, then g is
uniquely determined, and is also of class CP.

Proof. Let A= D;f(a, b). Replacing f by 2o f we may assume
without loss of generality that D, f(a, b) is the identity. Consider the map

o: UxV -ExF
given by
o(x, y) = (x. f(x, ).

Then the derivative of ¢ at (aq, b) is immediately computed to be
represented by the matrix

idg 0 _ ) idg o
Dete, b) = (le(a, b) Duf(a, b)) B (an(a, b) idr)

whence g is locally invertible at (a, b) since the inverse of Dg(a, b) exists

and is the matrix
idg [0 )
—-Dyf(a,b) idp)

We denote the local inverse of ¢ by . We can write
Y(x, z) = (x, h(x, z))
where h is some mapping of class C?. We define
g(x) = h(x, 0).
Then certainly g is of class CP and
(% f(x, g(0))) = 9(x, 9(x)) = o(x, h(x, 0)) = p(¥(x, 0)) = (x, 0).

This proves the existence of a CP map g satisfying our requirements.
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Now for the uniqueness, suppose that gq is a continuous map defined
near a such that go(a) = b and f(x, go(x)) = ¢ for all x near a. Then
go(x) is near b for such x, and hence

o(x, go(x)) = (x, 0).

Since ¢ is invertible near (a, b) it follows that there is a unique point
(x, ) near (a, b) such that ¢(x, y) = (x, 0). Let Uy be a small ball on
which g is defined. If go is also defined on Up, then the above argument
shows that g and g coincide on some smaller neighborhood of a. Let
xe Uy and let v=x—a. Consider the set of those numbers ¢ with
0 <t < 1 such that g(a+ ) = go(a+ tv). This set is not empty. Let s
be its least upper bound. By continuity, we have g(a + sv) = go(a + sv). If
s <1, we can apply the existence and that part of the uniqueness just
proved to show that g and go are in fact equal in a neighborhood of
a+sv. Hence s =1, and our uniqueness statement is proved, as well as
the theorem.

Note. The particular value f(a, b)) =0 in the preceding theorem is
irrelevant. If f(a, b) =c for some c #0, then the above proof goes
through replacing 0 by ¢ everywhere.



CHAPTER |

Manifolds

Starting with open subsets of Banach spaces, one can glue them together
with CP-isomorphisms. The result is called a manifold. We begin by
giving the formal definition. We then make manifolds into a category, and
discuss special types of morphisms. We define the tangent space at each
point, and apply the criteria following the inverse function t.heorem to .get
a local splitting of a manifold when the tangent space splits at a point.

We shall wait until the next chapter to give a manifold structure to the
union of all the tangent spaces.

I, §1. ATLASES, CHARTS, MORPHISMS

Let X be a sét. An atlas of class C? (p20) on X is a collection'of
pairs (Ui, ¢;) (i ranging in some indexing set), satisfying the following
conditions:

AT 1. Each U; is a subset of X and the U; cover X.

AT 2. Each ¢; is a bijection of U; onto an open subset ¢;Ui (.)f some
Banach space B; and for any i, j, (Ui Uj) is open in K.

AT 3. The map
oo 09U n Up) = g(Ui 2 Uj)
is a CP-isomorphism for each pair of indices i, j.

It is a trivial exercise in point set topology to prove that one can give X
a topology in a unique way such that each U; 1s open, and the ¢; are
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topological isomorphisms. We see no reason to assume that X is
Hausdorff. If we wanted X to be Hausdorff, we would have to place a
separation condition on the covering. This plays no role in the formal
development in Chapters II and IIL. It is to be understood, however, that
any construction which we perform (like products, tangent bundles, etc.)
would yield Hausdorff spaces if we start with Hausdorff spaces.

Each pair (U;, ¢;) will be called a chart of the atlas. If a point x of X
lies in Uj;, then we say that (U;, ¢;) is a chart at x.

In condition AT 2, we did not require that the vector spaces be the
same for all indices i, or even that they be toplinearly isomorphic. If they
are all equal to the same space E, then we say that the atlas is an E-atlas.
If two charts (U;, ¢;) and (U}, ¢;) are such that U; and U; have a non-
empty intersection, and if p = 1, then taking the derivative of 997 ! we see
that E; and E; are toplinearly isomorphic. Furthermore, the set of points
x € X for which there exists a chart (Uj, ¢;) at x such that E; is toplinearly
isomorphic to a given space E is both open and closed. Consequently, on
each connected component of X, we could assume that we have an E-atlas
for some fixed E.

Suppose that we are given an open subset U of X and a topological
isomorphism ¢: U — U’ onto an open subset of some Banach space E. We
shall say that (U, ¢) is compatible with the atlas {(U,, ¢,)} if each map
997! (defined on a suitable intersection as in AT 3) is a CP-isomorphism.
Two atlases are said to be compatible if each chart of one is compatible
with the other atlas. One verifies immediately that the relation of
compatibility between atlases is an equivalence relation. An equivalence
class of atlases of class C? on X is said to define a structure of CP-
manifold on X. If all the vector spaces E; in some atlas are toplinearly
isomorphic, then we can always find an equivalent atlas for which they are
all equal, say to the vector space E. We then say that X is an E-manifold
or that X is modeled on E.

If E=R" for some fixed n, then we say that the manifold is n-
dimensional. In this case, a chart

¢o: U—-R"

is given by n coordinate functions ¢,,...,¢,. If P denotes a point of U,
these functions are often written

x1(P), ..., xn(P),

or simply xi,...,x, They are called local coordinates on the manifold.
If the integer p (which may also be o0) is fixed throughout a discussion,
we also say that X is a manifold.
The collection of CP-manifolds will be denoted by Man?. If we look
only at those modeled on spaces in a category 2 then we. write Man” ().
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Those modeled on a fixed E will be denoted by Man?(E). We shall make

these into categories by defining morphisms below. N . -
Let X be a manifold, and U an open subset of X. Then it is possible, in

the obvious way, to induce a manifold structure on U, by taking as charts

the intersections
(UinU, gl{(Uin U)).

If X is a topological space, covered by open subsets Vj, anc_l if. we,: are
given on each V; a manifold structure such tl'lat for each pair j, J the
induced structure on ¥; n Vj coincides, then it is clear that we can give to
X a unique manifold structure inducing the given ones on each Vj.

Example. Let X be the real line, and for each open interval U, l'et o; be
the function g;(z) = 2. Then the g;jp;" are all equal to the identity, and
thus we have defined a C*-manifold structure on R!

If X, Y are two manifolds, then one can give the product X x ¥ a
manifold structure in the obvious way. If {(Ui, ¢;)} and {(V}, ¥;)} are
atlases for X, Y respectively, then

{(Ui x Vj, g % '/’j)}

is an atlas for the product, and the product of compatible atlases gives rise
to compatible atlases, so that we do get a well-defined product structure.

Let X, Y be two manifolds. Let f: X — Y be a map. We shall say
that f is a CP-morphism if, given x € X, there exists a chart (U, ¢) at x
and a chart (V, y) at f(x) such that f(U) = V, and the map

Yyofogl: pU—yV

is a CP-morphism in the sense of Chapter I, §3. One sees then imme-
diately that this same condition holds for any choice of charts (U, ¢) at x
and (V, ¢) at f(x) such that f(U)c V. o

It is clear that the composite of two CP-morphisms is itself a CP-
morphism (because it is true for open subsets of vector sp_aces). '!he
CP-manifolds and CP-morphisms form a category. The notion of iso-
morphism is therefore defined, and we observe that in our example of the
real line, the map #+ 13 gives an isomorphism between the funny differ-
entiable structure and the usual one. .

If f: X — Y is a morphism, and (U, ¢) is a chart at a point x€ X,
while (¥, §) is a chart at f(x), then we shall also denote by

fV,U: oU - yV
the map ¥ fo~l.
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It is also convenient to have a local terminology. Let U be an open
set (of a manifold or a Banach space) containing a point xy. By a local
isomorphism at x; we mean an isomorphism

f: Ul—)V

from some open set U; containing xo (and contained in U) to an open set
V (in some manifold or some Banach space). Thus a local isomorphism is
essentially a change of chart, locally near a given point.

Manifolds of maps. Even starting with a finite dimensional manifold,
the set of maps satisfying various smoothness conditions forms an infinite
dimensional manifold. This story started with Eells [Ee 58], [Ee 59],
[Ee 61]. Palais and Smale used such manifolds of maps in their Morse
theory [Pa 63], [Ab 62], [Sm 64]. For a brief discussion of subsequent
developments, see [Mar 74], p. 67, referring to [Eb 70], [Ee 66), [El 67],
[Kr 72], [Le 67], [Om 70], and [Pa 68]. Two kinds of maps have played a
role: the CP maps of course, with various values of p, but also maps
satisfying Sobolev conditions, and usually denoted by H*. The latter form
Hilbert manifolds (definition to be given later).

ll, §2. SUBMANIFOLDS, IMMERSIONS, SUBMERSIONS

Let X be a topological space, and Y a subset of X. We say that Y is
locally closed in X if every point y € Y has an open neighborhood U in X
such that ¥ n U is closed in U. One verifies easily that a locally closed
subset is the intersection of an open set and a closed set. For instance, any
open subset of X is locally closed, and any open interval is locally closed
in the plane.

Let X be a manifold (of class C? with p = 0). Let Y be a subset of X
and assume that for each point y € Y there exists a chart (V, ¢) at y such
that ¢ gives an isomorphism of ¥ with a product V; x V» where V; is
open in some space E; and V; is open in some space E;, and such that

Y(YnV)y=W"xa

for some point a; € ¥, (which we could take to be 0). Then it is clear that
Y is locally closed in X. Furthermore, the map  induces a bijection

l//l : Y () V — Vl .
The collection of pairs (Y NV, ;) obtained in the above manner constitutes

an atlas for Y, of class CP. The verification of this assertion, whose formal
details we leave to the reader, depends on the following obvious fact.
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Lemma 2.1. Let Uy, Us, V1, V2 be open subsets of Banach spaces, and
g: Uy x Up — V1 x Vo a CP-morphism. Let a; € U, and by e V> and
assume that g maps Uy x ay into Vy x by. Then the induced map

gi: U1 — V]

is also a morphism.

Indeed, it is obtained as a composite map
U-UxU—-VNxV,—- 1,

the first map being an inclusion and the third a projection.

We have therefore defined a CP-structure on Y which will be called a
submanifold of X. This structure satisfies a universal mapping property,
which characterizes it, namely:

Given any map f: Z — X from a manifold Z into X such that f (Z) is
contained in Y. Let fy:Z — Y be the induced map. Then [ is a

morphism if and only if fy is a morphism.
The proof of this assertion depends on Lemma 2.1, and is trivial.

Finally, we note that the inclusion of Y into X is a mqrp!ﬁsm.
If Y is also a closed subspace of X, then we say that it is a closed
submanifold.

Suppose that X is finite dimensional of dimension », and that Y is a
submanifold of dimension r. Then from the definition we see that the loc:al
product structure in a neighborhood of a point of ¥ can be expressed in
terms of local coordinates as follows. Each point P of Y has an open
neighborhood U in X with local coordinates (x1,...,Xn) sgch that the
points of ¥ in U are precisely those whose last n —r coordinates are 0,
that is, those points having coordinates of type

(xl,...,x,, 0,...,0).

Let f: Z — X be a morphism, and let z e Z. We shall say that f is an
immersion at z if there exists an open neighborhood Z; of z in Z such that
the restriction of f to Z; induces an isomorphism of Z; ‘onto 2 sub-
manifold of X. We say that f is an immersion if it is an immersion at
every point.

Note that there exist injective immersions which are not isomorphisms
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onto submanifolds, as given by the following example:

(The arrow means that the line approaches itself without touching.) An
immersion which does give an isomorphism onto a submanifold is called
an embedding, and it is called a closed embedding if this submanifold is
closed.

A morphism f: X — Y will be called a submersion at a point x e X if
there exists a chart (U, ¢) at x and a chart (V, §) at f(x) such that ¢
gives an isomorphism of U on a products Uy x U, (U and U, open in
some Banach spaces), and such that the map

Vo =frup Uux Uy ¥V

is a projection. One sees then that the image of a submersion is an open
subset (a submersion is in fact an open mapping). We say that f is a
submersion if it is a submersion at every point.

For manifolds modelled on Banach spaces, we have the usual criterion
for immersions and submersions in terms of the derivative.

Proposition 2.2. Let X, Y be manifolds of class CP (p = 1) modeled on
Banach spaces. Let f: X — Y be a CP-morphism. Let xe X. Then:

(1) f is an immersion at x if and only if there exists a chart (U, @) at x
and (V,y) at f(x) such that Iy ulex) is injective and splits.
(i) f is a submersion at x if and only if there exists a chart (U, ¢) at x

and (V,¥) at f(x) such that fy ,(¢x) is surjective and its kernel
splits.

Proof. This is an immediate consequence of Corollaries 5.4 and 5.6 of
the inverse mapping theorem.

The conditions expressed in (i) and (ii) depend only on the derivative,
and if they hold for one choice of charts (U, ¢) and (¥, ) respectively,
then they hold for every choice of such charts. It is therefore convenient
to introduce a terminology in order to deal with such properties.

Let X be a manifold of class C? (p = 1). Let x be a point of X. We
consider triples (U, ¢, v) where (U, ¢) is a chart at x and v is an element
of the vector space in which pU lies. We say that two such triples
(U, ¢, v) and (V, ¢, w) are equivalent if the derivative of yp~!. at @x maps
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v on w. The formula reads:

o) (px)o=w

(obviously an equivalence relation by the chain rule). An equivalence class
of such triples is called a tangent vector of X at x. The set of such tangent
vectors is called the tangent space of X at x and is denoted by Tx(X).
Each chart (U, ¢) determines a bijection of 7,(X) on a Banach space,
namely the equivalence class of (U, ¢, v) corresponds to the vector v. By
means of such a bijection it is possible to transport to 7y(X) the structure
of topological vector space given by the chart, and it is immediate that this
structure is independent of the chart selected.

If U, V are open in Banach spaces, then to every morphism of class
CP? (p = 1) we can associate its derivative Df (x). If now f: X —» Y is a
morphism of one manifold into another, and x a point of X, then by
means of charts we can interpret the derivative of f on each chart at x as a

mapping
df (x) = Tof: Tx(X) — Ty(Y).

Indeed, this map 7,f is the unique linear map having the following
property. If (U, ¢) is a chart at x and (V, ¥) is a chart at f(x) such that
f(U)c V and # is a tangent vector at x represented by v in the chart
(U, @), then

T.f ()

is the tangent vector at f(x) represented by Dfy y(x)v. The representation
of T, f on the spaces of charts can be given in the form of a diagram

TX) — E
T.f l lf#.u(x)
Tf(x)(Y) — F

The map T,f is obviously continuous and linear for the structure of
topological vector space which we have placed on T,(X) and Ty (Y).
As a matter of notation, we shall sometimes write f, , instead of 7y f.
The operation T satisfies an obvious functorial property, namely, if
f: X— Y and g: Y — Z are morphisms, then

Ti(g o f) = Trn(9) o Tx(f),
T, (id) = id.

We may reformulate Proposition 2.2:
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Proposition 2.3. Let X, Y be manifolds of class C? (p = 1) modelled on
Banach spaces. Let f: X — Y be a CP-morphism. Let xe X. Then:

(i) f is an immersion at x if and only if the map T, f is injective and
splits.

(ii) f is a submersion at x if and only if the map T, f is surjective and
its kernel splits.

Note. If X, Y are finite dimensional, then the condition that T, f splits
is superfluous. Every subspace of a finite dimensional vector space splits.

Example. Let E be a (real) Hilbert space, and let {x, y)> eR be its
inner product. Then the square of the norm f(x) = {x, x) is obviously of
class C*®. The derivative f'(x) is given by the formula

f1x)y =24, p)

and for any given x # 0, it follows that the derivative f’(x) is surjective.
Furthermore, its kernel is the orthogonal complement of the subspace
generated by x, and hence splits. Consequently the unit sphere in Hilbert
space is a submanifold.

If W is a submanifold of a manifold Y of class C? (p 2 1), then the
inclusion
i: W—-Y

induces a map
Tvi: T,(W) — T,(Y)

which is in fact an injection. From the definition of a submanifold, one
sees immediately that the image of T, splits. It will be convenient to
identify T,,(W) in T,(Y) if no confusion can result.

A morphism f: X — Y will be said to be transversal over the sub-
manifold W of Y if the following condition is satisfied.

Let x € X be such that f(x) e W. Let (V, ) be a chart at f(x) such
that y: ¥ — ¥; x V2 is an isomorphism on a product, with

¥(f(x) = (0, 0) and yY(WnV)=V x0.

Then there exists an open neighborhood U of x such that the composite
map

vLv i<y, Sy,

is a submersion.
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In particular, if f is transversal over W, then f~!(W) is a submanifold
of X, because the inverse image of 0 by our local composite map

proyo f

is equal to the inverse image of W NV by .
As with immersions and submersions, we have a characterization of
transversal maps in terms of tangent spaces.

Proposition 2.4. Let X, Y be manifolds of class C? (p 2 1) modeled on
Banach spaces. Let f: X — Y be a CP-morphism, and W a submanifold
of Y. The map f is transversal over W if and only if for each x € X such
that f(x) lies in W, the composite map

T.f
T(X) = Tw(Y) — TW(Y)/Tu(W)
with w= f(x) is surjective and its kernel splits.

Proof. If f is transversal over W, then for each point x € X such that
f(x) lies in W, we choose charts as in the definition, and reduce the
question to one of maps of open subsets of Banach spaces. In that case,
the conclusion concerning the tangent spaces follows at once from the
assumed direct product decompositions. Conversely, assume our condition
on the tangent map. The question being local, we can assume that ¥ =
V1 x V3 is a product of open sets in Banach spaces such that W = V7 x 0,
and we can also assume that X = U is open in some Banach space, x = 0.
Then we let g: U — ¥V, be the map no f where n is the projection, and
note that our assumption means that g’(0) is surjective and its kernel
splits. Furthermore, g~1(0) = f~!(W). We can then use Corollary 5.7 of
the inverse mapping theorem to conclude the proof.

Remark. In the statement of our proposition, we observe that the
surjectivity of the composite map is equivalent to the fact that T,,(Y) is
equal to the sum of the image of 7, f and T, (W), that is

T.(Y) = Im(Tf) + Im(T%i),

where i: W — Y is the inclusion. In the finite dimensional case, the other
condition is therefore redundant.

If E is a Banach space, then the diagonal A in E xE is a closed
subspace and splits: Either factor E x 0 or 0 x E is a closed complement.
Consequently, the diagonal is a closed submanifold of E x E. - If X is any
manifold of class C?, p = 1, then the diagonal is therefore also a sub-
manifold. (It is closed of course if and only if X is Hausdorff.)
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Let f: X - Z and g: Y — Z be two CP-morphisms, p > 1. We say
that they are transversal if the morphism

fxg XxY—>ZxZ

is transversal over the diagonal. We remark right away that the sur-
jectivity of the map in Proposition 2.4 can be expressed in two ways.
Given two points x€ X and y € Y such that f(x) = g(y) =z, the con-
dition

Im(7f) + Im(7,9) = T:(Z)

is equivalent to the condition

Im(T(x,y)(f X g)) + T(z,z)(A) = T(z,z)(z X Z)'

Thus in the finite dimensional case, we could take it as definition of
transversality.

We use transversality as a sufficient condition under which the fiber
product of two morphisms exists. We recall that in any category, the fiber
product of two morphisms f: X — Z and g: Y — Z over Z consists of
an object P and two morphisms

g: P-X and g2: P—Y
such that fog, =gog,, and satisfying the universal mapping property:
Given an object S and two morphisms #;: S — X and u;: S — Y such

that fu; = gu,, there exists a unique morphism u: S — P making the
following diagram commutative:

S
P

. . RY
Z
'I_'he triple (P, g1, g2) is uniquely determined, up to a unique isomorphism
(in the obvious sense), and P is also denoted by X xz Y.
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One can view the fiber product unsymmetrically. Given two morphisms
f, g as in the following diagram:

Y

[~

X — Z

assume that their fiber product exists, so that we can fill in the diagram:

szy—'—’Y

| |

X —— Z

We say that g; is the pull back of g by f, and also write it as f*(g).
Similarly, we write X xz Y as f*(Y).

In our category of manifolds, we shall deal only with cases when the
fiber product can be taken to be the set-theoretic fiber product on which a
manifold structure has been defined. (The set-theoretic fiber product is the
set of pairs of points projecting on the same point.) This determines the
fiber product uniquely, and not only up to a unique isomorphism.

Proposition 2.5. Let f: X - Z and g: Y — Z be two CP-morphisms
with p > 1. If they are transversal, then

(f x9)"'(Az),

together with the natural morphisms into X and Y (obtained from the
projections), is a fiber product of f and g over Z.

Proof. Obvious.

To construct a fiber product, it suffices to do it locally. Indeed, let
f: X—Z and g: Y —» Z be two morphisms. Let {¥;} be an open
covering of Z, and let

fir f7'V) - Vi and g g '(V) o Vi

be the restrictions of f and g to the respective inverse images of ¥;. Let

=(f x g)'l(AZ). Then P consists of the points (x, y) with x e X and
y €Y such that f(x) =g(y). We view P as a subspace of X x Y (ie.
with the topology induced by that of X x Y). Similarly, we construct P;
with f; and g;. Then P; is open in P. The projections on the first and
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second factors give natural maps of P; into f~!(¥;) and g~'(¥;) and of P
into X and Y.

Proposition 2.6. Assume that each P; admits a manifold structure
(compatible with its topology) such that these maps are morphisms,
making P; into a fiber product of f; and g;. Then P, with its natural
DProjections, is a fiber product of f and g.

To prove the above assertion, we observe that the P; form a covering of
P. Furthermore, the manifold structure on P; n P; induced by that of P;
or P; must be the same, because it is the unique fiber product structure
over V;nV;, for the maps f; and g; (defined on f'Viav;) and

g~ '(Vin V;) respectively). Thus we can give P a manifold structure, in
such a way that the two projections into X and Y are morphisms, and
make P into a fiber product of f and g.

We shall apply the preceding discussion to vector bundles in the next
chapter, and the following local criterion will be useful.

Proposition 2.7. Let f: X — Z be a morphism, and g: Z x W — Z be
the projection on the first factor. Then f, g have a fiber product, namely
the product X x W together with the morphisms of the following
diagram:

XW——+ZW

|k

X — Z

I, §3. PARTITIONS OF UNITY

Let X be a manifold of class C?. A function on X will be a morphism of
X into R, of class CP, unless otherwise specified. The C? functions form a
ring denoted by &”(X) or FuP(X). The support of a function f is the
closure of the set of points x such that f(x) # 0.

Let X be a topological space. A covering of X is locally finite if every
point has a neighborhood which intersects only finitely many elements of
the covering. A refinement of a covering of X is a second covering, each
element of which is contained in an element of the first covering. A
topological space is paracompact if it is Hausdorff, and every open
covering has a locally finite open refinement.
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Proposition 3.1. If X is a paracompact space, and if {U;} is an open
covering, then there exists a locally finite open covering {V;} such that
V: € U; for each i.

Proof. Let {Vi} be a locally finite open refinement of {U;}. For each k
there is an index i(k) such that ¥y = Uyy). We let W; be the union of
those Vi such that i(k) =i. Then the W; form a locally finite open
covering, because any neighborhood of a point which meets infinitely
many W; must also meet infinitely many V5.

Proposition 3.2. If X is paracompact, then X is normal. If, furthermore,
{Ui} is a locally finite open covering of X, then there exists a locally
finite open covering {V;} such that V; < U,.

Proof. We refer the reader to Bourbaki [Bou 68].

Observe that Proposition 3.1 shows that the insistence that the indexing
set of a refinement be a given one can easily be achieved.

A partition of unity (of class C?) on a manifold X consists of an open
covering {U;} of X and a family of functions

V;: X >R
satisfying the following conditions:

PU 1. For all xe X we have y;(x) 2 0.
PU 2. The support of {; is contained in Uj.
PU 3. The covering is locally finite.

PU 4. For each point x € X we have

Z Yilx) = 1.

(The sum is taken over all i, but is in fact finite for any given point x in
view of PU 3.)

We sometimes say that {(U;,¥;)} is a partition of unity.

A manifold X will be said to admit partitions of unity if it is para-
compact, and if, given a locally finite open covering {U;}, there exists a
partition of unity {;} such that the support of i; is contained in U,

If {U;} is a covering of X, then we say that a covering {Vi} is
subordinated to {U;} if each Vi is contained in some U;.

It is desirable to give sufficient conditions on a manifold in order to
insure the existence of partitions of unity. There is no difficulty with the
topological aspects of this problem. It is known that a metric space is
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paracompact (cf. Bourbaki [Bou 68], [Ke 55]), and on a paracompact
space, one knows how to construct continuous partitions of unity (loc.
cit.). However, in the case of infinite dimensional manifolds, certain
difficulties arise to construct differentiable ones, and it is known that a
Banach space itself may not admit partitions of unity (say of class C®).
The construction of differentiable partitions of unity depends on the
construction of a differentiable norm. Readers will find examples, theo-
rems, and counterexamples in [BoF 65], [BoF 66], and [Re 64]. In the
finite dimensional case, the existence will follow from the next theorem.

If E is a Banach space, we denote by B,(a) the open ball of radius r
and center a, and by B,(a) the closed ball of radius r and center a. If
a=0, then we write B, and B, respectively. Two open balls (of finite
radius) are obviously C®-isomorphic. If X is a manifold and (V, ¢) is a
chart at a point x € X, then we say that (¥, ¢) (or simply V) is a ball of
radius r if ¢V is a ball of radius r in the Banach space.

Theorem 3.3. Let X be a manifold which is locally compact, Hausdorff,
and whose topology has a countable base. Given an open covering of X,
then there exists an atlas {(Vi, @)} such that the covering {Vi} is
locally finite and subordinated to the given covering, such that ¢, Vy. is the
open ball B3, and such that the open sets Wy = q;;l(Bl) cover X.

Proof. Let Uy, U,,... be a basis for the open sets of X such that each
U, is compact. We construct inductively a sequence A}, 45, ... of compact
sets whose union is X, such that A4; is contained in the interior of A;,;.
We let 4; = U,. Suppose we have constructed 4;, We let j be the
smallest integer such that 4; is contained in Uy u --- U U;. We let 4;;; be
the closed and compact set

(71\.) ul_/jul_/,-+1.

For each point x € X we can find an arbitrarily small chart (¥, ¢,) at
x such that ¢,V is the ball of radius 3 (so that each V, is contained in
some element of U). We let Wy = ¢!(B;) be the ball of radius 1 in this
chart. We can cover the set

Ai+1 . Int(A,-)

(intuitively the closed annulus) by a finite number of these balls of radius
1, say WA,..., W, such that, at the same time, each one of V7,...,V, is
contained in the open set Int(4;4,) — 4;_; (intuitively, the open annulus of
the next bigger size). We let B; denote the collection V1,..., ¥, and let B

be composed of the union of the B;. Then B is locally finite, and we are
done.
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Corollary 3.4. Let X be a manifold which is locally compact Hausdorff,
and whose topology has a countable base. Then X admits partitions of
unity.

Proof. Let {(Vk,9:)} be as in the theorem, and Wy = ¢! (B1). We can
find a function ¥, of class C? such that 0 < ¢, <1, such that ¥, (x) =1
for x e Wi and y,(x) =0 for x ¢ Vj. (The proof is recalled below.) We

now let
v=> ¥

(a sum which is finite at each point), and we let y, = ¥, /¢. Then
{(Vx,v:)} is the desired partition of unity.

We now recall the argument giving the function . First, given two
real numbers r, s with 0 £ r < s, the function defined by

i ((t—%(ls—t))

in the open interval r < ¢ < s and 0 outside the interval determines a bell-
shaped C*-function from R into R. Its integral from minus infinity to ¢,
divided by the area under the bell yields a function which lies strictly
between 0 and 1 in the interval r <t < s, is equal to 0 for ¢t <r and is
equal to 1 for t=s. (The function is even monotone increasing.)

We can therefore find a real valued function of a real variable, say #(?),
such that #(z) = 1 for || < 1 and #(¢) = 0 for |¢| = 1 + ¢ with small §, and
such that 0 £ # £ 1. If E is a Hilbert space, then ;7(|x|2) = (x) gives us a
function which is equal to 1 on the ball of radius 1 and 0 outside the ball
of radius 1+ 4. This function can then be transported to the manifold by
any given chart whose image is the ball of radius 3.

In a similar way, one would construct a function which is >0 on a
given ball and = 0 outside this ball.

Partitions of unity constitute the only known means of gluing together
local mappings (into objects having an addition, namely vector bundles,
discussed in the next chapter). It is therefore important, in both the
Banach and Hilbert cases, to determine conditions under which they exist.
In the Banach case, there is the added difficulty that the argument just
given to get a local function which is 1 on B; and 0 outside B, fails if one
cannot find a differentiable function of the norm, or of an equivalent norm
used to define the Banachable structure.

Even though it is not known whether Theorem 3.3 extends to Hilbert
manifolds, it is still possible to construct partitions of unity in that case.
As Eells pointed out to me, Dieudonné’s method of proof showing that
separable metric space is paracompact can be applied for that purpose
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(this is Lemma 3.5 below), and I am indebted to him for the following
exposition.

We need some lemmas. We use the notation °A4 for the complement of
a set A.

Let M be a metric space with distance function d. We can then speak
of open and closed balls. For instance B,(x) denotes the closed ball of
radius a with center x. It consists of all points y with d(y, x) £a. An
open subset V of M will be said to be scalloped if there exist open balls
U,U,..., U, in M such that

V=UnUn--n0,

A covering {V;} of a subset W of M is said to be locally finite (with
respect to W) if every point x € W has a neighborhood which meets only a
finite number of elements of the covering.

Lemma 3.5. Let M be a metric space and {U;} (i =1,2,...) a countable
covering of a subset W by open balls. Then there exists a locally finite
open covering {V;} (i=1,2,...) of W such that V; c U; for all i, and
such that V; is scalloped for all i.

Proof. We define V; inductively as follows. Each U; is a ball, say
B, (x;). Let Vi = U;. Having defined V;_,, let

1 1
rli=a1_‘lT, ceey ri—l,i=ai——1_‘i‘
and let

Vi=Un cErli(xl) NN Lﬁri—l,i(xi_l)7

it being understood that a ball of negative radius is empty. Then each V;
is scalloped, and is contained in U;. We contend that the V; cover W.
Indeed, let x be an element of W. Let j be the smallest index such that
x € U;. Then x eV}, for otherwise, x would be in the complement of ¥}
which is equal to the union of U; and the balls

B, (x))u -+ UB,_ (x-1).

Hence x would lie in some U; with i < j, contradiction.

There remains to be shown that our covering {¥;} is locally finite. Let
x€ W. Then x lies in some U,. Let s be such a small number >0 that
the ball By(x) is contained in U,. Let t = s/2. For all i sufficiently large,
the ball B;(x) is contained in By, _;/(x,) = B,,(x,) and therefore this ball
does not meet ¥;. We have found a neighborhood of x which meets only
a finite number of members of our covering, which is consequently locally
finite (with respect to W).
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Lemma 3.6. Let U be an open ball in Hibert space E and let
V=UnUn---nUp

be a scalloped open subset. Then there exists a C®-function w: E — R
such that w(x) >0 if xeV and w(x) =0 otherwise.

Proof. For each U; let g;: E — R be a function such that

0=Zpi(x) <1 if xe°U;
pi(x)=1 if xeU.

Let ¢(x) be a function such that ¢(x) > 0 on U and ¢(x) = 0 outside U.
Let

(%) = o(x) [T (1 - ei(x)).-
Then w(x) satisfies our requirements.

Theorem 3.7. Let A;,A> be non-void, closed, disjoint subsets of a
separable Hilbert space E. Then there exists a C*-function y: E — R
such that Yy(x) =0 if xe Ay and Yy(x) =1 if xe Az, and 0 S Y(x) =1
Jor all x.

Proof. By Lindelof’s theorem, we can find a countable collection of
open balls {U;} (i=1,2,...) covering A2 and such that each U; is
contained in the complement of 4;. Let W be the union of the U;. We
find a locally finite refinement {V;} as in Lemma 3.5. Using Lemma 3.6,
we find a function w; which is >0 on V; and 0 outside V. Let o =) w;
(the sum is finite at each point of W). Then w(x) >0 if x € A, and
w(x) =0 if xe 4.

Let U be the open neighborhood of A4, on which w is >0. Then 4,
and ‘U are disjoint closed sets, and we can apply the above construction to
obtain a function o: E — R which is >0 on ‘U and =0 on 4;. We let
V¥ = /(0 +w). Then y satisfies our requirements.

Corollary 3.8. Let X be a paracompact manifold of class C?, modeled on
a separable Hilbert space E. Then X admits partitions of unity (of class
CP).

Proof. 1t is trivially verified that an open ball of finite radius in E is
C®-isomorphic to E. (We reproduce the formula in Chapter VIL.) Given
any point x € X, and a neighborhood N of x, we can therefore always find
a chart (G, y) at x such that yG = E, and G = N. Hence, given an open
covering of X, we can find an atlas {(G,, y,)} subordinated to the given
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covering, such that y,G, = E. By paracompactness, we can find a re-
finement {U;} of the covering {G,} which is locally finite. Each U; is
contained in some G,(; and we let ¢; be the restriction of y,; to U;. We
now find open refinements {¥;} and then {W;} such that

WicVicVicl,

the bar denoting closure in X. Each ¥; being closed in X, it follows from
our construction that ¢;V; is closed in E, and so is ¢;W;. Using the
theorem, and transporting functions on E to functions on X by means of
the ¢;, we can find for each i a CP-function ¥;: X — R with is 1 on W;
and 0 on X — V;. We let y = ; and 6; =;/y. Then the collection
{6;} is the desired partition of unity.

Il, §4. MANIFOLDS WITH BOUNDARY

Let E be a Banach space, and 4: E — R a continuous linear map into R.
(This will also be called a functional on E.) We denote by E! the kernel of
4, and by E} (resp. E;) the set of points x € E such that i(x) = 0 (resp.

A(x) £0). We call E a hyperplane and E} or E; a half plane.

If p is another functional and Ef = E;', then there exists a number ¢ > 0
such that A = cu. This is easily proved. Indeed, we see at once that the
kernels of 2 and x4 must be equal. Suppose 1 # 0. Let xp be such that
A(xp) > 0. Then u(xp) > 0 also. The functional

1= (Moxo) /(o)

vanishes on the kernel of A (or ) and also on xg. Therefore it is the 0
functional, and ¢ = A(xp)/u(x0)-

Let E, F be Banach spaces, and let E} and F;L be two half planes in E
and F respectively. Let U, ¥ be two open subsets of these half planes
respectively. We shall say that a mapping

[ U->V

is a morphism of class C? if the following condition is satisfied. Given a
point x € U, there exists an open neighborhood U; of x in E, an open
neighborhood ¥ of f(x) in F, and a morphism f;: U; — V; (in the sense
of Chapter I) such that the restriction of f; to Uy n U is equal to f. (We
assume that all morphisms are of class C? with p > 1.)

If our half planes are full planes (i.e. equal to the vector spaces
themselves), then our present definition is the same as the one used
previously.
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If we take as objects the open subsets of half planes in Banach spaces,
and as morphisms the CP-morphisms, then we obtain a category. The
notion of isomorphism is therefore defined, and the definition of manifold
by means of atlases and charts can be used as before. The manifolds of §1
should have been called manifolds without boundary, reserving the name of
manifold for our new globalized objects. However, in most of this book,
we shall deal exclusively with manifolds without boundary for simplicity.
The following remarks will give readers the means of extending any result
they wish (provided it is true) for the case of manifolds without boundaries
to the case manifolds with.

First, concerning the notion of derivative, we have:

Proposition 4.1. Let f: U—F and g: U— F be two morphisms of
class CP (p =z 1) defined on an open subset U of E. Assume that f and g
have the same restriction to U ~E} for some half plane Ef, and let

xeUnE}.

Then f'(x) = g'(x).

Proof. After considering the difference of f and g, we may assume
without loss of generality that the restriction of fto U nEj is 0. It is then
obvious that f'(x) =0.

Proposition 4.2. Let U be open in E. Let u be a non-zero functional on
F and let f: U — F; be a morphism of class C? with p2 1. If x is a
point of U such that f(x) lies in Fﬂ then f'(x) maps E into Fg.

Proof. Without loss of generality, we may assume that x=0 and
f(x)=0. Let W be a given neighborhood of 0 in F. Suppose that we can
find a small element v € E such that uf’(0)v # 0. We can write (for small

1):

f(tv) = tf'(0)v + o(t)w,
with some element w, € . By assumption, f(tv) lies in F; . Applying u
we get

twf'(0)o+ o(t)u(wr) 2 0.

Dividing by ¢, this yields

TR )

Replacing ¢t by —, we get a similar inequality on the other side. Letting ¢
tend to 0 shows that uf’(0)o =0, a contradiction.
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Let U be open in some half plane Ef. We define the boundary of U
(written dU) to be the intersection of U with Eg, and the interior of U
(written Int(U)) to be the complement of dU in U. Then Int(U) is open
in E.

It follows at once from our definition of differentiability that a half
plane is C*-isomorphic with a product

Ef ~E) xR*

where R* is the set of real numbers >0, whenever A # 0. The boundary
of Ef in that case is E] x 0.

Proposition 4.3. Let /. be a functional on E and p a functional on F. Let
U be open in Ef and V open in ¥, and assume U NE), V nF° are not
empty. Let f: U— V be an isomorphism of class C? (p = 1). Then
A#0if and only if u#0. If A # 0, then f induces a CP-isomorphism of
Int(U) on Int(V) and of dU on 0V.

Proof. By the functoriality of the derivative, we know that f/(x) is a
toplinear isomorphism for each x € U. Our first assertion follows from the
preceding proposition. We also see that no interior point of U maps on a
boundary point of ¥ and conversely. Thus finduces a bijection of U on
0V and a bijection of Int(U) on Int(V). Since these interiors are open in
their respective spaces, our definition of derivative shows that f induces an
isomorphism between them. As for the boundary, it is a submanifold of
the full space, and locally, our definition of derivative, together with the
product structure, shows that the restriction of f to U must be an
isomorphism on JV.

This last proposition shows that the boundary is a differentiable in-
variant, and thus that we can speak of the boundary of a manifold.

We give just two words of warning concerning manifolds with
boundary. First, products do not exist in their category. Indeed, to get
products, we are forced to define manifolds with corners, which would take
us too far afield.

Second, in defining immersions or submanifolds, there is a difference
in kind when we consider a manifold embedded in a manifold without
boundary, or a manifold embedded in another manifold with boundary.
Think of a closed interval embedded in an ordinary half plane. Two cases
arise. The case where the interval lies inside the interior of the half plane
is essentially distinct from the case where the interval has one end point
touching the -hyperplane forming the boundary of the half plane. (For
instance, given two embeddings of the first type, there exists an auto-
morphism of the half plane carrying one into the other, but there cannot
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exist an automorphism of the half plane carrying an embedding of the first
type into one of the second type.)

We leave it to the reader to go systematically through the notions of
tangent space, immersion, embedding (and later, tangent bundle, vector
field, etc.) for arbitrary manifolds (with boundary). For instance, Pro-
position 2.2 shows at once how to get the tangent space functorially.

CHAPTER 1li

Vector Bundles

The collection of tangent spaces can be glued together to give a manifold
with a natural projection, thus giving rise to the tangent bundle. The
general glueing procedure can be used to construct more general objects
known as vector bundles, which give powerful invariants of a given

"manifold. (For an interesting theorem see Mazur [Maz 61].) In this

chapter, we develop purely formally certain functorial constructions having
to do with vector bundles. In the chapters on differential forms and
Riemannian metrics, we shall discuss in greater details the constructions
associated with multilinear alternating forms, and symmetric positive
definite forms.

Partitions of unity are an essential tool when considering vector
bundles. They can be used to combine together a random collection of
morphisms into vector bundles, and we shall give a few examples showing
how this can be done (concerning exact sequences of bundles).

lil, §1. DEFINITION, PULL BACKS

Let X be a manifold (of class C? with p>0) and let n: £E— X be a
morphism. Let E be a Banach space.

Let {U;} be an open covering of X, and for each i, suppose that we are
given a mapping

Ti: 75_1([],-) -— [], x E

satisfying the following conditions:

AR
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VB 1. The map <; is a CP isomorphism commuting with the projection
on Ui, that is, such that the following diagram is commutative:

n(U) —> U xE
U

In particular, we obtain an isomorphism on each fiber (written
7i(x) or i)
Tixt (%) = {x} xE

VB 2. For each pair of open sets U;, U; the map
Tjx © 'ti;l : E-E
is a toplinear isomorphism.

VB 3. If U; and U; are two members of the covering, then the map of
UinU; into L(E,E) (actually Laut(E)) given by

X = (Tjti—l)x

is a morphism.

Then we shall say that {(U;, 7;)} is a trivializing covering for 7 (or for E
by abuse of language), and that {;} are its trivalizing maps. If x € U;, we
say that 7; (or U;) trivializes at x. Two trivializing coverings for 7 are
said to be VB-equivalent if taken together they also satisfy conditions VB 2,
VB 3. An equivalence class of such trivializing coverings is said to determine
a structure of vector bundle on 7 (or on E by abuse of language). We say
that E is the total space of the bundle, and that X is its base space. If we
wish to be very functorial, we shall write E, and X, for these spaces
respectively. The fiber 77!(x) is also denoted by E, or m,. We also say
that the vector bundle has fiber E, or is modeled on E. Note that from
VB 2, the fiber 77!(x) above each point x € X can be given a structure of
Banachable space, simply by transporting the Banach space structure of E
to 7!(x) via ;. Condition VB 2 insures that using two different
trivializing maps 7; or 7j will give the same structure of Banachable space
(with equivalent norms, of course not the same norms).

Conversely, we could replace VB 2 by a similar condition as follows.

VB 2'. On each fiber n~'(x) we are given a structure of Banachable
space, and for x € U;, the trivializing map

Tix: n“l(x) =E,—-E

is a toplinear isomorphism.
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Then it follows that 1, 07;': E—E is a toplinear isomorphism for each
pair of open sets U;, U; and xe U;n U;. o
In the finite dimensional case, condition VB 3 is implied by VB 2.

Proposition 1.1. Let E, F be finite dimensional vector spaces. Let U be
open in some Banach space. Let

f: UxE—-F
be a morphism such that for each x € U, the map
fx: E-F

given by f,.(v)= f(x,v) is a linear map. Then the map of U into
L(E, F) given by xw f; is a morphism.

Proof. We can write F =R; x --- x R, (1 copies of R). Using the fact
that L(E, F) = L(E, Ry) x --- x L(E, R,), it will sufficc to prove our
assertion when F = R. Similarly, we can assume that E =R also. But in
that case, the function f(x,v) can be written g(x)v for some map
g: U R. Since f is a morphism, it follows that as a function of e_ach
argument x, v it is also a morphism. Putting v =1 shows that g is a
morphism and concludes the proof.

Returning to the general definition of a vector bundle, we call the maps
-1
Tjix = Tjx © Ty

the transition maps associated with the covering. They satisfy what we call
the cocycle condition

Tkix © Tjix = Tkix-
In particular, 7 =id and 7 = 7.

As with manifolds, we can recover a vector bundle from a trivializing
covering.

Proposition 1.2. Let X be a manifold, and n: E — X a mapping from-
some set E into X. Let {U;} be an open covering of X, and for each i

suppose that we are given a Banach space E and a bijection (commuting
with the projection on Uy),

T n‘l(U,-) — U; x E,

such that for each pair i, j and x e U;n U;, the map (i), is a
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toplinear isomorphism, and condition VB 3 is satisfied as well as the
cocycle condition. Then there exists a unique structure of manifold on E
such that 7 is a morphism, such that t; is an isomorphism making n into a
vector bundle, and {(U;,t;)} into a trivialising covering.

Proof. By Proposition 3.10 of Chapter I and our condition VB 3, we
conclude that the map

el (Uin G)xE— (Uin U) X E

is a morphism, and in fact an isomorphism since it has an inverse. From
the definition of atlases, we conclude that E has a unique manifold
structure such that the 7; are isomorphisms. Since 7z is obtained locally
as a composite of morphisms (namely z; and the projections of U; x E on
the first factor), it becomes a morphism. On each fiber 771(x), we can
transport the topological vector space structure of any E such that x lies in
Ui, by means of 7;,. The result is independent of the choice of U; since
(777 1), is a toplinear isomorphism. Our proposition is proved.

Remark. It is relatively rare that a vector bundle is trivial, i.e. VB-
isomorphic to a product X x E. By definition, it is always trivial locally.
In the finite dimensional case, say when E has dimension », a trivialization
is equivalent to the existence of sections &y, ..., ¢&, such that for each x, the
vectors &1(x),...,&,(x) form a basis of E,. Such a choice of sections is
called a frame of the bundle, and is used especially with the tangent
bundle, to be defined below. In this book where we give proofs valid in
the infinite dimensional case, frames will therefore not occur until we get
to strictly finite dimensional phenomenon.

The local representation of a vector bundle and
the vector component of a morphism

For arbitrary vector bundles (and especially the tangent bundle to be
defined below), we have a local representation of the bundle as a product
in a chart. For many purposes, and especially the case of a morphism

f: Y>E

of a manifold into the vector bundle, it is more convenient to use U to
denote an open subset of a Banach space, and to let ¢: U — X be an
isomorphism of U with an open subset of X over which £ has a
trivialization 7: n'(pU) — U x E called a VB-chart. Suppose V is an
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open subset of Y such that f(V) c n~!(pU). We then have the com-
mutative diagram:

v L, 2eU) — UXE

L )

oU — U

The composite to f is a morphism of ¥ into U x E, which has two
components

70 f = (fy1, fu2)

such that f;: ¥V — U and fy,: V— E. We call fy, the vector com-
ponent of f in the vector bundle chart U xE over U. Sometimes to
simplify the notation, we omit the subscript, and merely agree that fy =
fu denotes this vector component; or to simplify the notation further, we
may simply state that f itself denotes this vector component if a discussion
takes place entirely in a chart. In this case, we say that f = fy; represents
the morphism in the vector bundle chart, or in the chart.

Vector bundle morphisms and pull backs

We now make the set of vector bundles into a category.
Let n: E—~ X and n': E' - X' be two vector bundles. A VB-

morphism 7 — ' consists of a pair of morphisms
fo: X=X and f:E—E
satisfying the following conditions.

VB Mor 1. The diagram
f

E —> F

l lra

X — X
Jo

is commutative, and the induced map for each x € X

fi: Ex — Eqy

is a continuous linear map.
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VB Mor 2. For each xy e X there exist trivializing maps

. 7Y (U) » U xE
and

s 7N U') - U xFE

at,xo and f(xo) respectively, such that fy(U) is contained in
U', and such that the map of U into L(E, E') given by

/ -1
X T 0 fyoT
is a morphism.

As a matter of notation, we shall also use f to denote the VB-
'morp.hlsm, and thu§ ‘write f: m—>x'. In most applications, f, is the
1dent1t¥. By Proposition 1.1, we observe that VB Mor 2 is redundant in
the finite dimensional case.

The next proposition is the analogue of Proposition 1.2 for VB-
morphisms.

Proposi.tion L.3. Let m, n’ be two vector bundles over manifolds X, X'
re-spectlvely. Let fo: X — X' be a morphism, and suppose that we are
given for each x € X a continuous linear map

fx: T — nﬁ)(x)

such that, for each xo, condition VB Mor 2 is satisfied. Then the map f
from n to 7' defined by f, on each fiber is a VB-morphism.

Proof. One must first check that f is a morphism. This can be done
under the assumption that 7, n’ are trivial, say equal to U x E and
U’ x E’ (following the notation of VB Mor 2), with trivialising maps equal
to the identity. Our map f is then given by

(x, v) = (fox, fr0).

Using Proposition 3.10 of Chapter I, we conclude that f is a morphism,
and hence that (fy, f) is a VB-morphism.

It is clear how to compose two VB-morphisms set theoretically. In fact,
the composite of two VB-morphisms is a VB-morphism. There is no
p_roblem verifying condition VB Mor 1, and for VB Mor 2, we look at the
situation locally. We encounter a commutative diagram of the following
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type:

7 1(U) Lo 2 U) L U7

bk

UXE UIXE’ U”XE”

and use Proposition 3.10 of Chapter I, to show that go f is a VB-
morphism.

We therefore have a category, denoted by VB or VB?, if we need to
specify explicitly the order of differentiability.

The vector bundles over X from a subcategory VB(X) = VB?(X)
(taking those VB-morphisms for which the map f; is the identity). If 2 is
a category of Banach spaces (for instance finite dimensional spaces), then
we denote by VB(X, ) those vector bundles over X whose fibers lie in 2.

A morphism from one vector bundle into another can be given locally.
More precisely, suppose that U is an open subset of X and n: E— X a
vector bundle over X. Let Ey ==n~!(U) and

ny ==n|Ey

be the restriction of 7 to Ey. Then zny is a vector bundle over U. Let
{U;} be an open covering of the manifold X and let #, n’ be two vector
bundles over X. Suppose, given a VB-morphism

fi+ mw, _’”il,-

for each i, such that f; and f; agree over U; n Uj for each pair of indices i,
j. Then there exists a unique VB-morphism f: 7 — zn’ which agrees with
f; on each U;. The proof is trivial, but the remark will be used frequently

in the sequel.
Using the discussion at the end of Chapter II, §2 and Proposition 2.7 of
that chapter, we get immediately:

Proposition 1.4. Let n: E— Y be a vector bundle, and f: X — Y a
morphism. Then

fH(m): fAE)—> X

is a vector bundle called the pull-back, and the pair (f, n*(f)) is a VB-
morphism

e =5 E
b ‘(W)l l"
X —Y

f
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In Proposition 1.4, we could take f to be the inclusion of a sub-
manifold. In that case, the pull-back is merely the restriction. As with
open sets, we can then use the usual notation:

Ex=7t_l(X) and 7ZX:7t|Ex.

Thus 7y =f*(n) in that case.
If X happens to be a point y of Y, then we have the constant map

ny: Ey,—y

which will sometimes be identified with E,.

If we identify each fiber (f*E), with Ep(, itself (a harmless identi-
fication since an element of the fiber at x is simply a pair (x, ) with e in
E;()), then we can describe the pull-back f* of a vector bundle 7n: E — Y
as follows. It is a vector bundle f*n: f*E — X satisfying the following
properties:

PB 1. For each x € X, we have (f*E), = Ey(y.

PB 2. We have a commutative diagram

fNE) — E
f*(ﬂ)l ln
X —Y

f

the top horizontal map being the identity on each fiber.

PB 3. If E is trivial, equal to Y X E, then f*E =X x E and f*n is the
projection.

PB 4. If V is an open subset of Y and U = f~}(V), then

I (Ev) = (f*E)y,

and we have a commutative diagram:
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i, §2. THE TANGENT BUNDLE

Let X be a manifold of class C?P with p > 1. We shall define a functor T
from the category of such manifolds into the category of vector bundles of
class CP~L.

For each manifold X we let 7(X) be the disjoint union of the tangent
spaces Tx(X). We have a natural projection

n: T(X)—= X

mapping T,(X) on x. We must make this into a vector bundle. If (U, ¢)
is a chart of X such that ¢U is open in the Banach space E, then from the
definition of the tangent vectors as equivalence classes of triples (U, ¢, v)
we get immediately a bijection

ty: © Y (U)=T(U) - UxE
which commutes with the projection on U, that is such that

2 (U) —% U x E

\/

U

is commutative. Furthermore, if (U;, ¢;) and (U, ¢;) are two charts, agd
if we denote by g; the map ;g7 (defined on ¢,(U; » Uj)), then we obtain
a transition mapping

7= (57;"): 9(UinUj) xE — ¢(Uin Uj) X E

by the formula
zji(x, v) = ((Pjix, D(Pji(x) - v)

for xe U;n U; and veE. Since the derivative Dg;; = ¢} is of class CP™
and is an isomorphism at x, we see immediately that all the conditions of
Proposition 1.2 are verified (using Proposition 3.10 of Chapter I), thereby
making 7'(X) into a vector bundle of class crL.

We see that the above construction can also be expressed as follows. If
the manifold X is glued together from open sets {U;} in Banach spaces by
means of transition mappings {¢;}, then we can glue together products
U; x E by means of transition mappings (p;, Dg;) where the derivative
Dg;; can be viewed as a function of two variables (x, v). Thus locally, for
open subsets U of Banach spaces, the tangent bundle can be identified
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with the product U x E. The reader will note that our definition coincides
with the oldest definition employed by geometers, our tangent vectors
being vectors which transform according to a certain rule (namely the
derivative).

If f: X — X' is a CP-morphism, we can define

f: T(X) - T(X")

to be simply 7 f on each fiber 7yx(X). In order to verify that 7f is a VB-
morphism (of class CP~1), it suffices to look at the situation locally, i.e. we
may assume that X and X’ are open in vector spaces E, E’, and that
T.f = f'(x) is simply the derivative. Then the map Tf is given by

Tf (x, v) = (f(x), f'(x)v)

for xe X and ve E. Since f’ is of class CP~! by definition, we can apply
Proposition 3.10 of Chapter 1 to conclude that Tf is also of class crl
The functoriality property is trivially satisfied, and we have therefore
defined the functor T as promised.

It will sometimes be notationally convenient to write f, instead of Tf
for the induced map, which is also called the tangent map. The bundle
T(X) is called the tangent bundle of X.

Remark. The above definition of the tangent bundle fits with Steenrod’s
point of view [Ste 51]. I don’t understand why many differential geometers
have systematically rejected this point of view, when they take the defini-
tion of a tangent vector as a differential operator.

lil, §3. EXACT SEQUENCES OF BUNDLES
Let X be a manifold. Let n': E' - X and n: E— X be two vector

bundles over X. Let f: n’ — = be a VB-morphism. We shall say that the
sequence

0—>7z'£>7z

is exact if there exists a covering of X by open sets and for each open set
U in this covering there exist trivializations

v E; > UxE and 7: Eg > UXE

such that E can be written as a product E = E’ x F, making the following
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diagram commutative: f

Ey —— Ey

UxE — > UxE xF

(The bottom map is the natural one: Identity on U and the injection of E’
on E' x0.)

Let m1: Ey — X be another vector bundle, and let g: =y — = be a VB-
morphism such that g(E;) is contained in f(E’). Since f establishes a
bijection between E’ and its image f(E’) in E, it follows that there exists
a unique map g;: E) — E’ such that g = f og;. We contend that g, is a
VB-morphism. Indeed, to prove this we can work locally, and in view of
the definition, over an open set U as above, we can write

g1=7"oprozog

where pr is the projection of U xE’'xF on U x E’. All the maps on
the right-hand side of our equality are VB-morphisms; this proves our
contention.

Let n: £ — X be a vector bundle. A subset S of E will be called a
subbundle if there exists an exact sequence 0 — n’ - x, also written

0-ELE

such that f(E’) =S. This gives S the structure of a vector bundle, and
the previous remarks show that it is unique. In fact, given another exact
sequence

0-E SE

such that g(E;) = S, the natural map f'g from E, to E' is a VB-
1somorphism.

L.et us denote by E/E’ the union of all factor spaces E,/E]. If we are
dealing with an exact sequence as above, then we can give E/E’ the
structure of a vector bundle. We proceed as follows. Let {U;} be our
covering, with trivialising maps 7/ and 7, We can define for each i a
bijection

n;: Ey/Ey — Uy xF

obtained in a natural way from the above commutative diagram. (With-
out loss of generality, we can assume that the vector spaces E’, F are
constant for all i) We have to prove that these bijections satisfy the
conditions of Proposition 1.2.
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Without loss of generality, we may assume that f is an inclusion (of the
total space E’ into E). For each pair i, j and x € U; n Uj, the toplinear
automorphism (zjz;1), is represented by a matrix

(hu(x) hlz(x))
ha(x)  hp(x)

operating on the right on a vector (v, w) e E’ x F. The map (z/'z/~'), on
F is induced by this matrix. Since E' =E’ x 0 has to be carried into
itself by the matrix, we have hj2(x) = 0. Furthermore, since (zjz;!), has
an inverse, equal to (r,-rj‘ 1)x, it follows that hp(x) is a toplinear auto-
morphism of F, and represents (z/'z/~!),. Therefore condition VB 3 is
satisfied, and E/E' is a vector bundle.

The canonical map

Ey — Ey/Ey,

is a morphism since it can be expressed in terms of z, the projection, and
7”-1. Consequently, we obtain a VB-morphism

g non’

in the canonical way (on the total spaces, it is the quotient mapping of E
on E/E'). We shall call z” the factor bundle.

Our map g satisfies the usual universal mapping property of a cokernel.
Indeed, suppose that

Vv: E—-G

is a VB-morphism such that o f =0 (i.e. §, o f, =0 on each fiber E}).
We can then define set theoretically a canonical map

V.: E/E' -G,

and we must prove that it is a VB-morphism. This can be done locally.
Using the above notation, we may assume that E = U x E’ x F and that g
is the projection. In that case, ¥, is simply the canonical injection of
UxFin UxE' xF followed by i, and is therefore a VB-morphism.
We shall therefore call g the cokernel of f.
Dually, let g: n — #n” be a given VB-morphism. We shall say that the
sequence

g
non’'—0

is exact if g is surjective, and if there exists a covering of X by open sets,
and for each open set U in this covering there exist spaces E’, F and
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trivializations
7. Ey~UxE xF and ": E[;>F
making the following diagram commutative:

”

T T
UxE XxXF —s UxF

(The bottom map is the natural one: Identity on U and the projection of
E'xF on F)

In the same way as before, one sees that the “kernel” of g, that is, the
union of the kernels E; of each g,, can be given a structure of vector
bundle. This union E’ will be called the kernel of g, and satisfies the usual
universal mapping property.

Proposition 3.1. Let X be a manifold and let
f:n—>=n

be a VB-morphism of vector bundles over X. Assume that, for each
x € X, the continuous linear map

fi: E, — Ey
is injective and splits. Then the sequence

0—>7z’—f—>7z

is exact.

Proof. We can assume that X is connected and that the fibers of E’
and E are constant, say equal to the Banach spaces E' and E. Let ae X.
Corresponding to the splitting of f, we know that we have a product
decomposition E=E' x F and that there exists an open set U of X
containing a, together with trivializing maps

t:a(U)y-» UxE and ¢': 2" '(U)> UxE

such that the composite map

-
E“SE " E “F xF

a

maps E’ on E’ x 0.
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For any point x in U, we have a map
(z_fz_l—l)x: EI — EI % F,
which can be represented by a pair of continuous linear maps

(P11 (x), b (x)).

h(x): E'xF—>E xF

(hu(x) 0 )
hu(x) id)’
operating on the right on a vector (v, w) € E' x F. Then A(x) restricted to
E' x 0 has the same action as (¢f7'™!),.

The map x> h(x) is a morphism of U into L(E, E) and since it is
continuous, it follows that for U small enough around our fixed point g, it

maps U into the group of toplinear automorphisms of E. This proves our
proposition.

We define

by the matrix

Dually to Proposition 3.1, we have:
Proposition 3.2. Let X be a manifold and let
g: n—n"

be a VB-morphism of vector bundles over X. Assume that for each
x € X, the continuous linear map

gx: Ex — E;'
is surjective and has a kernel that splits. Then the sequence

g
no>n"—-0
is exact.

Proof. It is dual to the preceding one and we leave it to the reader.
In general, a sequence of VB-morphisms
0-n"Lada" -0

is said to be exact if both ends are exact, and if the image of f is equal to
the kernel of g.
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There is an important example of exact sequence. Let f: X — Y be an
immersion. By the universal mapping property of pull backs, we have a
canonical VB-morphism

T°f: T(X) - f*T(Y)

of T(X) into the pull back over X of the tangent bundle of Y. Fur-
thermore, from the manner in which the pull back is obtained locally by
taking products, and the definition of an immersion, one sees that the
sequence

0-7(x) =L r1(1)
is exact. The factor bundle

fTT(Y)/Im(T"f)

is called the normal bundle of f. It is denoted by N(f), and its total
space by Ny(X) if we wish to distinguish between the two. We sometimes
identify T(X) with its image under T*f and write

N(f) = f*T(Y)/T(X).

Dually, let f: X — Y be a submersion. Then we have an exact
sequence
Tf L4
T(X) — f'T(Y)—-0

whose kernel could be called the subbundle of f, or the bundle along the
fiber.
There is an interesting case where we can describe the kernel more
precisely. Let
n: FE-»X

be a vector bundle. Then we can form the pull back of E over itself, that
is, n*E, and we contend that we have an exact sequence

0—-7nE—T(E)—»a"T(X)—0.

To define the map on the left, we look at the subbundle of z more closely.
For each x € X we have an inclusion

E, > E,
whence a natural injection

T(Ey) — T(E).
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The local product structure of a bundle shows that the union of the T(Ey)
as x ranges over X gives the subbundle set theoretically. On the other
hand, the total space of n*E consists of pairs of vectors (v, w) lying over
the same base point x, that is, the fiber at x of z*E is simply E, x E,.
Since T(Ey) has a natural identification with E, x E,, we get for each x a
bijection

(n*E)x — T(Ex)

which defines our map from z*E to T(E). Considering the map locally in
terms of the local product structure shows at once that it gives a VB-
isomorphism between n*E and the subbundle of 7, as desired.

ll, §4. OPERATIONS ON VECTOR BUNDLES

We consider subcategories of Banach spaces 2, B, € and let
A AXB—-E

be a functor in, say, two variables, which is, say, contravariant in the first
and covariant in the second. (Everything we shall do extends in the
obvious manner to functors of several variables, letting 2, B stand for
n-tuples.)

Example. We took a functor in two variables for definiteness, and to
illustrate both variances. However, we could consider a functor in one or
more than two variables. For instance, let us consider the functor

E— L(E,R) = L(E) = E",

which we call the dual. It is a contravariant functor in one variable. On
the other hand, the functor

E— L!(E, F)

of continuous multilinear maps of E x --- x E into a Banach space F is
contravariant in E and covariant in F. The functor E — L!(E, R) gives
rise later to what we call differential forms. We shall treat such forms
systematically in Chapter V, §3.

If f: E' > E and g: F — F’ are two continuous linear maps, with f a
morphism of U and g a morphism of B, then by definition, we have a
map

L(E', E) x L(F, ¥') - L(A(E, F), A(E', F")),

assigning A(f, g) to (f, g)-

[1I1, §4] OPERATIONS ON VECTOR BUNDLES 59

We shall say that 4 is of class CP if the following condition is satisfied.
Give a manifold U, and two morphisms

¢o: U—LE,E) and ¢: U— L(F,F),
then the composite
U — L(E', E) x L(F, F') — L(A(E, F), A(E’, F"))
is also a morphism. (One could also say that A is differentiable.)

Theorem 4.1. Let A be a functor as above, of class CP, p 2 0. Then for
each manifold X, there exists a functor Ay, on vector bundles (of class
CP?)

Ax: VB(X, ) x VB(X, B) — VB(X, €)

satisfying the following properties. For any bundles «, f in VB(X, )
and VB(X, B) respectively, and VB-morphisms

fiod—oa and g:Bf-f
in the respective categories, and for each x € X, we have:

OP L. Ax(o, B), = (o, By)-

OP 2. ix(f, 9), = Mfy, 9x)-

OP 3. If « is the trivial bundle X x E and B the trivial bundle X x F,
then Ax(a, B) is the trivial bundle X x A(E, F).

OP 4. If h: Y — X is a CP-morphism, then
Ay(h*a, h*B) = h*Ax(a, B).

Proof We may assume that X is connected, so that all the fibers are
toplinearly isomorphic to a fixed space. For each open subset U of X we
let the total space Ay(E, Ep) of Au(x, B) be the union of the sets

{x} x A0, By)

(identified harmlessly throughout with A(cx, f,)), as x ranges over U. We
can find a covering {U;} of X with trivializing maps {z;} for a, and {a;}
for B,

7i: « }(U;) —» U; ¥ E,
oi: FY(U) — U; x F.
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We have a bijection
Mzl a3): Ay(Eq, Eg) — Ui x A(E, F)
obtained by taking on each fiber the map
N, oix): Mow, B,) = A(E, F).
We must verify that VB 3 is satisfied. This means looking at the map
x— l(‘tj—xl, Ojx) © A(t;‘l, a,-x)_l.
The expression on the right is equal to
l(t,-xtj;l, ajxai;l).
Since 4 is a functor of class C?, we see that we get a map
Ui n U; — L(AE, F), \(E, F))

which is a CP-morphism. Furthermore, since 4 is a functor, the transition
mappings are in fact toplinear isomorphism, and VB 2, VB 3 are proved.

The proof of the analogous statement for Ax(f, g), to the effect that
it is a VB-morphism, proceeds in an analogous way, again using the
hypothesis that 1 is of class CP. Condition OP 3 is obviously satisfied,
and OP 4 follows by localizing. This proves our theorem.

The next theorem gives us the uniqueness of the operation Ay.

Theorem 4.2. If u is another functor of class CP with the same variance

as A, and if we have a natural transformation of functors t: A — u, then

for each X, the mapping

ty: Ax — py,
defined on each fiber by the map
t(ax, ﬂx): l(ax, ﬁx) e ﬂ(ax’ ﬁx)a
is a natural transformation of functors (in the VB-category).

Proof. For simplicity of notation, assume that 4 and g are both
functors of one variable, and both covariant. For each open set U = Uj; of
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a trivializing covering for f, we have a commutative diagram:

UxiE 2B 4y u®
Av(")] o)
Au(B) pu(B)

v

The vertical maps are trivializing VB-isomorphism, and the top horizontal
map is a VB-morphism. Hence ¢y is a VB-morphism, and our assertion is
proved.

In particular, for 1 = u and ¢ = id we get the uniqueness of our functor
Ax.

(In the proof of Theorem 4.2, we do not use again explicitly the
hypotheses that 4, u are differentiable.)

In practice, we omit the subscript X on A, and write A for the functor
on vector bundles.

Examples. Let n: E — X be a vector bundle. We take 4 to be the
dual, that is E+— EY = L(E, R). Then A(E) is denoted by EY, and is
called the dual bundle. The fiber at each point x € X is the dual space E; .
The dual bundle of the tangent bundle is called the cotangent bundle 7VX.

Similarly, instead of taking L(E), we could take L}(E) to be the bundle
of alternating multilinear forms on E. The fiber at each point is the space
L/(E,) consisting of all r-multilinear alternating continuous functions on
E,. When E =TX is the tangent bundle, the sections of L} (TX) are
called differential forms of degree r. Thus a 1-form is a section of EV.
Differential forms will be treated later in detail.

Recall that End(E) = L(E, E). In the theory of curvature, we shall deal
with both functors

E— L*(E)=L%E,R) and E*®+ L’(E, End(E)) = L*(E, L(E, E)).

In fact, if Re L?(E, L(E, E)), then for each pair of elements v, w € E and
z€E, we see that R(v, w) € L(E, E) and R(v, w)z € E, so we get a 3-linear
map

(v, w, z) — R(v, w)z.
We shall apply both functors to the tangent bundle in Chapter IX.

For another type of operation, we have the direct sum (also called the
Whitney sum) of two bundles «, § over X. It is denoted by a @ B, and the
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fiber at a point x is

(a ®ﬁ)x = Oy ®ﬁx

Of course, the finite direct sum of vector spaces can be identified with their
finite direct products, but we write the above operation as a direct sum in
order not to confuse it with the following direct product.

Let a: E, — X and B: Eg— Y be two vector bundles in VB(X) and
VB(Y) respectively. Then the map

axpf: E,xEg—»XxY

is a vector bundle, and it is this operation which we call the direct product
of o and .

Let X be a manifold, and 1 a functor of class C? with p > 1. The
tensor bundle of type 4 over X is defined to be Ay (T(X )), also denoted by
AT(X) or T)(X). The sections of this bundle are called tensor fields of
type 4, and the set of such sections is denoted by I';(X). Suppose that we
have a trivialization of 7'(X), say

T(X)=X xE.

Then T;(X) =X x A(E). A section of T;(X) in this representation is
completely described by the projection on the second factor, which is a
morphism

f: X — AE).

We shall call it the local representation of the tensor field (in the given
trivialization). If £ is the tensor field having f as its local representation,
then

¢0x) = (x, f(x)).

Let f: X — Y be a morphism of class C? (p 2 1). Let w be a tensor
field of type L™ over Y, which could also be called a multilinear tensor

field. For each ye Y, w(y) (also written w,) is a continuous multilinear
function on 7,(Y):

wy: Tyx---xT,—R.
For each x e X, we can define a continuous multilinear map
[il@)y: Tyx---x Ty >R

by the composition of maps (7% /)" and wy(y:

Tix o xTx = Ty X -+ X Tpx) ~ R
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We contend that the map x — f(w) is a tensor field over X, of the same
type as w. To prove this, we may work with local representation. Thus
we can assume that we work with a morphism

frU->V
of one open set in a Banach space into another, and that
w: V- Lr(F)

is a morphism, ¥ being open in F. If U is open in E, then f"(w) (now
denoting a local representation) becomes a mapping of U into L'(E),
given by the formula

(@) =L (f'(x) -o(f(x)-

Since L': L(E,F) — L(L'(F), L'(E)) is of class C*, it follows that
f*(w) is a morphism of the same class as w. This proves what we want.

Of course, the same argument is valid for the other functors L and L
(symmetric and alternating continuous multilinear maps). Special cases
will be considered in later chapters. If 4 denotes any one of our three
functors, then we see that we have obtained a mapping (which is in fact

linear)
[ T(Y) - (X))

which is clearly functorial in f. We use the notation f* instead. of t.he
more correct (but clumsy) notation f; or I';(f). No confusion will arise
from this.

I, §5. SPLITTING OF VECTOR BUNDLES

The next proposition expresses the fact that the VB-morphisms qf one
bundle into another (over a fixed morhism) form a module over the ring of
functions.

Proposition 5.1. Ler X, Y be manifolds and f,: X — Y a morphism.
Let o, B be vector bundles over X, Y respectively, and let f, g: o — f be
two VB-morphisms over f,. Then the map f + g defined by the formula

(f+g)x=fx+gx

is also a VB-morphism. Furthermore, if Yy: Y — R is a function on Y,
then the map Yf defined by

W)y =¥ (fo(x)) £

is also a VB-morphism.
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Proof. Both assertions are immediate consequences of Proposition 3.10
of Chapter L

We shall consider mostly the situation where X =Y and f; is the
identity, and will use it, together with partitions of unity, to glue VB-
morphisms together.

Let «, B be vector bundles over X and let {(U;, ¥,)} be a partition of
unity on X. Suppose given for each U; a VB-morphism

Each one of the maps y;f; (defined as in Proposition 5.1) is a VB-
morphism. Furthermore, we can extend y; f; to a VB-morphism of « into

B simply by putting
Wifi)x=0
for all x ¢ U;. If we now define
fiamp
J0) = ¥(x) fiulv)

by the formula

for all pairs (x, v) with v € a, then the sum is actually finite, at each ponit
x, and again by Proposition 5.1, we see that f is a VB-morphism. We
observe that if each f; is the identity, then f =), f; is also the identity.

Proposntlon 5.2. Let X be a manifold admitting partitions of unity. Let

0—ad B be an exact sequence of vector bundles over X. Then there
exists a surjective VB-morphism g: B — o whose kernel splits at each
point, such that go f =

Proof. By the definition of exact sequence, there exists a partition of
unity {(U;, ¥;)} on X such that for each i, we can split the sequence over
Ui. In other words, there exists for each i a VB-morphism

gi: BlUi — o|U;

which is surjective, whose kernel splits, and such that g; o f; = id;. We let
g =Y VY,gi. Then g is a VB-morphism of f§ into o by what we have just

seen, and )
gof =) Vgf =id

It is trivial that g is surjective because go f =id. The kernel of g, splits
at each point x because it has a closed complement, namely fxax This
concludes the proof.
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If y is the kernel of B, then we have f~ o @ y.

A vector bundle 7 over X will be said to be of finite type if there exists
a finite trivialization for = (i.e. a trivialization {(Uj, 7;)} such that i ranges
over a finite set).

If k is an integer = 1 and E a topological vector space, then we denote
by E* the direct product of E with itself k times.

Proposition 5.3. Let X be a manifold admitting partitions of unity. Let
7 be a vector bundle of finite type in VB(X, E), where E is a Banach
space. Then there exists an integer k>0 and a vector bundle o in
VB(X, EX) such that n ® o is trivializable.

Proof. We shall prove that there exists an exact sequence

O-——)n-—f—)ﬂ

with Eg=X xEF. Our theorem will follow from the preceding
proposition.

Let {U;, ©;)} be a finite trivialization of z with i=1,...,k. Let
{(U;, ¥;)} be a partition of unity. We define

f: E,— X xE*
as follows. If xe X and v is in the fiber of E, at x, then

fx(v) = (x7 '/ll(x)rl(v)’ ceesy '//k(x)rk(v))'

The expression on the right makes sense, because in case x does not lie in
U; then y,;(x) =0 and we do not have to worry about the expression
7(v). If x lies in U;, then 7;(v) means 7;(v).

Given any point x, there exists some index i such that y;(x) >0 and
hence f is injective. Furthermore, for this x and this index i, f, maps Ey
onto a closed subspace of E¥, which admits a closed complement, namely

Ex---x0x---xE

with 0 in the i-th place. This proves our proposition.



CHAPTER IV

Vector Fields and Differential
Equations

In this chapter, we collect a number of results all of which make use of the
notion of differential equation and solutions of differential equations.

Let X be a manifold. A vector field on X assigns to each point x of X a
tangent vector, differentiably. (For the precise definition, see §2.) Given xg
in X, it is then possible to construct a unique curve o(f) starting at xp
(i.e. such that «(0) = xo) whose derivative at each point is the given
vector. It is not always possible to make the curve depend on time ¢ from
—oo to +o0, although it is possible if X is compact.

The structure of these curves presents a fruitful domain of investiga-
tion, from a number of points of view. For instance, one may ask for
topological properties of the curves, that is those which are invariant under
topological automorphisms of the manifold. (Is the curve a closed curve,
is it a spiral, is it dense, etc.?) More generally, following standard pro-
cedures, one may ask for properties which are invariant under any given
interesting group of automorphisms of X (discrete groups, Lie groups,
algebraic groups, Riemannian automorphisms, ad lib.).

We do not go into these theories, each of which proceeds according
to its own flavor. We give merely the elementary facts and definitions
associated with vector fields, and some simple applications of the existence
theorem for their curves.

Throughout this chapter, we assume all manifolds to be Hausdorff, of
class C? with p = 2 from §2 on, and p = 3 from §3 on. This latter condition
insures that the tangent bundle is of class CP~! with p—121 (or 2).

We shall deal with mappings of several variables, say f(t, x, y), the first
of which will be a real variable. We identify D, f(t, x, y) with

tim f(t+h x, y) - f(t, x, y)

) —
h—0 h
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IV, §1. EXISTENCE THEOREM FOR
DIFFERENTIAL EQUATIONS

Let E be a Banach space and U an open subset of E. In this section we
consider vector fields locally. The notion will be globalized later, and thus
for the moment, we define (the local representation of) a time-dependent
vector field on U to be a CP-morphism (p = 0)

f: IxU—>E,

where J is an open interval containing 0 in R. We think of f as assigning
to each point x in U a vector f(¢, x) in E, depending on time z.

Let xo be a point of U. An integral curve for f with initial condition xo
is a mapping of class C" (r=1)

o Jo—-)U

of an open subinterval of J containing 0, into U, such that o(0) = xo and
such that

(1) = (1, «(2)).

Remark. Let a: Jy — U be a continuous map satisfying the condition

t
a(f) = xo + J £ (u,ow)) du.
0
Then « is differentiable, and its derivative is f (¢, a(f)). Hence o is of class
C!'. Furthermore, we can argue recursively, and conclude that if f is of
class CP, then so is a. Conversely, if o is an integral curve for f with initial
condition xp, then it obviously satisfies out integral relation.

Let
f:IxU—E

be as above, and let xo be a point of U. By a local flow for f at xo we
mean a mapping

o: J()XU()—-)U

where Jy is an open subinterval of J containing 0, and Up is an open
subset of U containing xg, such that for each x in Uy the map

o, (f) = a(t, x)

is an integral curve for f with initial condition x (i.e. such that a(0, x) =
x). H
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As a matter of notation, when we have a mapping with two arguments,
say ¢(t, x), then we denote the separate mappings in each argument when
the other is kept fixed by ¢, (¢) and ¢,(x). The choice of letters will always
prevent ambiguity.

We shall say that f satisfies a Lipschitz condition on U uniformly with
respect to J if there exists a number K > 0 such that

£t x) — £t y)| < Kix - 3|

for all x, y in U and ¢ in J. We call K a Lipschitz constant. If fis of class
C!, it follows at once from the mean value theorem that fis Lipschitz on
some open neighborhood Jy x Up of a given point (0, xp) of U, and that it
is bounded on some such neighborhood.

We shall now prove that under a Lipschitz condition, local flows exist
and are unique locally. In fact, we prove more, giving a uniformity
property for such flows. If b is real > 0, then we denote by J;, the open
interval —b <t < b.

Proposition 1.1. Let J be an open interval of R containing 0, and U open
in the Banach space E. Let xo be a point of U, and a> 0, a < 1 a real
rumber such that the closed ball Bs,(xo) lies in U. Assume that we have
a continuous map

f :JxU—>E
which is bounded by a constant L 2 1 on J x U, and satisfies a Lipschitz
condition on U uniformly with respect to J, with constant K 2 1. If
b < a/LK, then for each x in Bu(xo) there exists a unique flow
a: Jp X By(x) — U.
If f is of class CF (p 2 1), then so is each integral curve w.

Proof. _Let I, be the closed interval —b <t < b, and let x be a fixed
point in B,(xp). Let M be the set of continuous maps

o: Ib — EZa(XO)

of the closed interval into the closed ball of center xo and radius 2a, such

that a(0) = x. Then M is a complete metric space if we define as usual the
distance between maps o, B to be

supa(t) — A(0)
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We shall now define a mapping
S: M- M

of M into itself. For each o in M, we let Sa be defined by

t
(S)(f) = x +J f(u, a(w)) du.
0
Then Sa is certainly continuous, we have Sa(0) = Xx, anfl the distanf:e gf
any point on Sa from x is bounded by the norm of the integral, which is

bounded by
b sup|f(u, y)| £bL < a.

Thus So lies in M. o
We contend that our map S is a shrinking map. Indeed,
|Se — SB| < b suplf (u, a()) — f(u B@))]
é bK I(X . ﬂ |’
thereby proving our contention. .
By the shrinking lemma (Chapter I, Lemma 5.1) our map has a unique

fixed point o, and by definition, o(z) satisfies the desired integral relation.
Our remark above concludes the proof.

Corollary 1.2. The local flow « in Proposition 1.1 is continuou{'.
Furthermore, the map x+ oy of Ba(xo) into the space of curves is
continuous, and in fact satisfies a Lipschitz condition.

Proof. The second statement obviously implies the first. So fix x in

B,(x0) and take y close to x in B,(xp). We let Sx be the shrinking map of
the theorem, corresponding to the initial condition x. Then

o — Syotell = 1Sx0tx — Syall = |x = yl-
Let C=bK so 0 < C< 1. Then

-1 n
llotx — S7otell < ot — Syotall + 1Sy = Syl + -+ + 1S5 etx = Sna|
S(A+C+---+CNHx—yl
Since the limit of S}, is equal to «, as n goes to infinity, the continuity

of the map x + o, follows at once. In fact, the map satisfies a Lipschitz
condition as stated.
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It is easy to formulate a uniqueness theorem for integral curves over
their whole domain of definition.

Theorem 1.3 (Uniqueness Theorem). Let U be open in E and let
f: U— E be a vector field of class CP, p=>1. Let

o Jl-—>U and 02 J2'—>U

be two integral curves for f with the same initial condition xo. Then o
and oy are equal on Jy N Js.

Proof. Let Q be the set of numbers b such that «y(f) = ay(z) for
0=<t<b

Then @ contains some number b > 0 by the local uniqueness theorem. If
Q is not bounded from above, the equality of o;(f) and 0y(7) for all z > 0
follows at once. If Q is bounded from above, let b be its least upper
bound. We must show that b is the right end point of J; nJ,. Suppose
that this is not the case. Define curves f;, and f, near 0 by

B =ub+1) and  By(2) = oa(b+1).

Then B, and B, are integral curves of f with the initial conditions a;(b)
and op(b) respectively. The values B;(z) and B,(¢) are equal for small
negative ¢ because b is the least upper bound of Q. By continuity it
follows that oy(b) = az(b), and finally we see from the local uniqueness
theorem that

Bi(t) = By(2)

for all ¢z in some neighborhood of 0, whence o) and oy are equal in a
neighborhood of b, contradicting the fact that b is a least upper bound of
Q. We can argue the same way towards the left end points, and thus
prove our statement.

For each xe U, let J(x) be the union of all open intervals containing
0 on which integral curves for f are defined, with initial condition equal
to x. The uniqueness statement allows us to define the integral curve
uniquely on all of J(x).

Remark. The choice of 0 as the initial time value is made for con-
venience. From the uniqueness statement one obtains at once (making a
time translation) the analogous statement for an integral curve defined on
any open interval; in other words, if J;, J5 do not necessarily contain 0,
and ¢ is a point in J; nJy such that o (2) = oz(#o), and also we have the
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differential equations
o(f) = fm(®)) and  o5() = f(o(t)),
then o; and oy are equal on JynJa.

In practice, one meets vector fields which may be time dependc?nt, and
also depend on parameters. We discuss these to show that their study
reduces to the study of the standard case.

Time-dependent vector fields
Let J be an open interval, U open in a Banach space E, and
f : JxU—>E

a CP map, which we view as depending on time ¢ € J. Thus for each ¢, the
map x— f(t, x) is a vector field on U. Define

f: IxU—>RxE
by _
f(t7 X)=(1, f(t’ X)),

and view £ as a time-independent vector field on J x U. Let & be its flow,
so that _

&(1, 5, x) =f(a(t, 5, x)), &0, s, x) = (s, x).
We note that & has its values in J x U and thus can be express.ed i{l .terms
of two components. In fact, it follows at once that we can write & 1n the

form
&t s, x)=(t+s5, &2(t’ 5 x))

Then &, satisfies the differential equation
Did(t, 5, x) =f(t+5, 8a(t, 5, X))
as we see from the definition of f. Let
B(t, x) = &(z, 0, x).

Then B is a flow for f, that is B satisfies the differential equation

D1f(t, x) = f(t, B(s, X)), B0, x) = x.
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Given x € U, any value of ¢ such that « is defined at (¢, x) is also such that
& is defined at (1, 0, x) because o, and g, are integral curves of the same
vector field, with the same initial condition, hence are equal. Thus the
study of time-dependent vector fields is reduced to the study of time-
independent ones.

Dependence on parameters
Let ¥ be open in some space F and let
g: I xVxU-—>E

be a map which we view as a time-dependent vector field on U, also
depending on parameters in V. We define

G:JxVxU->FxE
by
G(t’ Z, y)=(0y g(t7 z, y))

for teJ, zeV, and ye U. This is now a time-dependent vector field on
V' x U. A local flow for G depends on three variables, say B(t, z, y), with
initial condition B(0, z, y) = (z, ¥). The map f has two components, and
it is immediately clear that we can write

B(t, 2z, y) = (2, a(t, z, ¥))

for some map o depending on three variables. Consequently o satisfies the
differential equation

Diaft, z, y) = g(t, z, o(t, z,¥)), (0, z, y) = y,

which gives the flow of our original vector field g depending on the
parameters ze V. This procedure reduces the study of differential
equations depending on parameters to those which are independent of
parameters.

We shall now investigate the behavior of the flow with respect to its
second argument, i.e. with respect to the points of U. We shall give two
methods for this. The first depends on approximation estimates, and the
second on the implicit mapping theorem in function spaces.

Let Jo be an open subinterval of J containing 0, and let

@ Jo— U
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be of class C!. We shall say that ¢ is an e-approximate solution of f on Jo
if
lo'()) - (1. 9(0)| S €

for all ¢ in Jo.

Proposition 1.4. Let ¢, and ¢, be two €i- and ez-approximafe sqlutio'ns
of f on Jo respectively, and let € = €1 + €. Assume .that f is Lipschitz
with constant K on U uniformly in Jo, or that D1 f exists a.nd is bounded
by K on J x U. Let to be a point of Jo. Then for any t in Jy, we have

Klt—t, € _Klt—t
lo1 (1) = 22D < Iy (ta) — @a(t0) eVl 4 el

Proof. By assumption, we have

o1 (8) - £t o1(D)| L &,
lo5(8) — £ (2 2, ()| £ e

From this we get
|0}()) — o5(1) + £(t, 22(0) = (1, ()| S €
Say ¢ > # to avoid putting bars around 7 —#. Let

¥(t) = loy(8) — 92(1)],
o(t) = |£(t, (@) - £ 2(0))|-

Then, after integrating from # to f, and using triangle inequalities we

obtain .

W)~ Y] S cle— )+ || o) de
s cte- )+ | v
<K W+ K
and finally the recurrence relation

(1) S ¥(to) + K j W) + ¢/K] du.

On any closed subinterval of Jo, our map Y is bounded. If we add ¢/K to
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both sides of this last relation, then we see that our proposition will follow
from the next lemma.

Lemma 1.5. Let g be a positive real valued function on an interval,
bounded by a number L. Let ty be in the interval, say ty < t, and assume
that there are numbers A, K 20 such that

gi)<4 +Kjt g(u) du.

1)

Then for all integers n =1 we have

git) < A|1+

K(t—t, K™Y t—1)" ' LK™t - 1)"
(t-t)  K't-1) ]+ ()",

1! h (n—1)!

Proof. The statement is an assumption for n =1. We proceed by
induction. We integrate from 7, to ¢, multiply by K, and use the re-
currence relation. The statement with #n+ 1 then drops out of the
statement with n.

Corollary 1.6. Let f: J x U — E be continuous, and satisfy a Lipschitz
condition on U uniformly with respect to J. Let xy be a point of U. Then
there exists an open subinterval Jy of J containing 0, and an open subset
of U containing xo such that f has a unique flow

o JoXU()-—>U.

We can select Jy and Uy such that o is continuous and satisfies a
Lipschitz condition on Jy x Uj.

Proof. Given x, y in Uy we let ¢, () = a(t, x) and ¢,(f) = a(t, ), using
Proposition 1.6 to get Jo and Uy. Then ¢ =e; =0. For s, t in J, we
obtain

I(X(t, X) - (X(S, Y)l é I(X(t, X) - (X(t, Y)I + I(X(t, y) - (X(S, y)l
< |x— yle¥ + |t —S|L,
if we take Jo of small length, and L is a bound for f. Indeed, the term
containing |x — y| comes from Proposition 1.4, and the term containing

|t — 5| comes from the definition of the integral curve by means of an
integral and the bound L for f. This proves our corollary.

Corollary 1.7. Let J be an open interval of R containing 0 and let U be
open in E. Let f: J x U — E be a continuous map, which is Lipschitz
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on U uniformly for every compact subinterval of J. Let ty € J and let ¢,
@, be two morphisms of class C' such that ¢,(t) = ¢,(t0) and satisfying
the relation

¢'(0) = f(t 9(1))
for all t in J. Then (1) = @,(1).
Proof. We can take € =0 in the proposition.

The above corollary gives us another proof for the uniqueness of
integral curves. Given f: J x U — E as in this corollary, we can define
an integral curve a for f on a maximal open subinterval of J having a
given value o(z) for a fixed #, in J. Let J be the open interval (a, b) and
let (ao, bo) be the interval on which « is defined. We want to know when
by = b (or ayp = a), that is when the integral curve of f can be continued to
the entire interval over which f itself is defined.

There are essentially two reasons why it is possible that the integral
curve cannot be extended to the whole domain of definition J, or cannot
be extended to infinity in case f is independent of time. One possibility is
that the integral curve tends to get out of the open set U, as on the
following picture:

This means that as ¢ approaches by, say, the curve a(f) approaches a point
which does not lie in U. Such an example can actually be constructed
artificially. If we are in a situation when a curve can be extended to
infinity, just remove a point from the open set lying on the curve. Then the
integral curve on the resulting open set cannot be continued to infinity.
The second possibility is that the vector field is unbounded. The next
corollary shows that these possibilities are the only ones. In other words,
if an integral curve does not tend to get out of the open set, and if the
vector field is bounded, then the curve can be continued as far as the
original data will allow a priori.

Corollary 1.8. Let J be the open interval (a, b) and let U be open in E.
Let f: TxU—E be a continuous map, which is Lipschitz on U,
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uniformly for every compact subset of J. Let o be an integral curve of f,
defined on a maximal open subinterval (ap, bo) of J. Assume:

(i) There exists € > 0 such that oc((bo — €, b)) is contained in U.
(ii) There exists a number B > 0 such that |f(t, a())| < B for all t in
(b() — €, b())

Then b() =b.

Proof. From the integral expression for o, namely

a(t) = a(to) + Jt £ (u, a(u)) du,

4}

we see that for #;, £, in (bp — ¢, by) we have
ltx(tl) = O((tz)l < B]tl - tzl.
From this it follows that the limit

st

exists, and is equal to an element xy of U (by hypothesis (i)). Assume that
by # b. By the local existence theorem, there exists an integral curve g of
f defined on an open interval containing by such that B(bp) = xo and
B'(t) = f(t, B(t)). Then ' =a’ on an open interval to the left of by, and
hence «, f differ by a constant on this interval. Since their limit as ¢ — b
are equal, this constant is 0. Thus we have extended the domain of
definition of o to a larger interval, as was to be shown.

The next proposition describes the solutions of linear differential
equations depending on parameters.

Proposition 1.9. Let J be an open interval of R containing 0, and let V
be an open set in a Banach space. Let E be a Banach space. Let

g: JxV — L(E, E)
be a continuous map. Then there exists a unigue map
A IxV - LEE)
which, for each x eV, is a solution of the differential equation
DA(t, x) = g(t, x)At, x), A0, x) =id.

This map A is continuous.
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Remark. In the present case of a linear differential equation, it is not
necessary to shrink the domain of definition of its flow. Note that the
differential equation is on the space of continuous linear maps. The
corresponding linear equation on E itself will come out as a corollary.

Proof of Proposition 1.9. Let us first fix x € V. Consider the differential
equation
DiA(t, x) = g(t, x)A(z, x),

with initial condition A(0, x) =id. This is a differential equation on
L(E, E), where f(t, z) = gx(?)z for z € L(E, E), and we write g,(t) instead
of g(t, x). Let the notation be as in Corollary 1.8. Then hypothesis (i) is
automatically satisfied since the open set U is all of L(E, E). On every
compact subinterval of J, g, is bounded, being continuous. Omitting the
index x for simplicity, we have

t

A(f) =id +J g(u)A(u) du,
0

whence for ¢ = 0, say
t
A1) =1 +BJ |A(u)| du.
0

Using Lemma 1.5, we see that hypothesis (ii) of Corollary 1.8 is also
satisfied. Hence the integral curve is defined on all of J.

We shall now prove the continuity of A. Let (f, xo) € J x V. Let I be
a compact interval contained in J, and containing # and 0. As a function
of t, A(t, xo) is continuous (even differentiable). Let C > 0 be such that
|A(#, x0)| £ C for all teI. Let ¥; be an open neighborhood of xp in V
such that g is bounded by a constant K >0 on I x V3.

For (¢, x) eI x V1 we have

A2, X) — Ato, x0)| < |A(, X) — A(t, x0)| + |A(2, X0) — Ato, X0)-

The second term on the right is small when ¢ is close to 7. We investigate
the first term on the right, and shall estimate it by viewing A(f, x) and
A(t, xo) as approximate solutions of the differential equation satisfied by

At, x). We find
ID1A(t, x0) — g(t, x)A(2, x0)|
. IDl)'(t, .X(')) - g(t, x)}'(tf .)C()) + g_(t7 X())l(l, .)Co) - g(t, .)C())l(t, xO)l
< lg(t, x0) — g(t, X)1A(2, x0)] = g(2, x0) — (2, ¥)|C.
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By the usual proof of uniform continuity applied to the compact set
I x {xo}, given € > 0, there exists an open neighborhood Vo of xp con-
tained in ¥, such that for all (¢, x) eI x ¥y we have

lg(t, x) — g(t, x0)| < €/C.

This implies that A(z, xo) is an e-approximate solution of the differential
equation satisfied by A(¢, x). We apply Proposition 1.4 to the two curves

oo(t) = Mt, x)  and  g,(0) = At %)
for each x € V. We use the fact that A(0, x) = (0, xp) =id. We then
find
|A(2, x) — A(t, x0)| < €Ky

for some constant K; > 0, thereby proving the continuity of 4 at (#, xo)-

Corollary 1.10. Let the notation be as in Proposition 1.9. For each
xeV and ze E the curve

B, x, z) = A(t, x)z

with initial condition B(0, x,z) =z is a solution of the differential
equation
Dif(t, x, z) = g(t, x)B(t, x, z)-

Furthermore, B is continuous in its three variables.

Proof. Obvious.

Theorem 1.11 (Local Smoothness Theorem). Let J be an open interval in
R containing 0 and U open in the Banach space E. Let

f:IxU—=E

be a CP-morphism with p =1, and let xo € U. There exists a unique
local flow for f at xo. We can select an open subinterval Jo of J
containing 0 and an open subset Uy of U containing xo such that the

unique local flow
o: Jo X Uo - U

is of class CP, and such that Dya satisfies the differential equation

D1 Dyo(t, x) = Do f (t, a(t, X)) Dralt, x)

on Jo x Ug with initial condition D20(0, x) = id.
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Proof. Let
g: JxU— L(E, E)

be given by g(t, x) = Da2f (¢, a(t, x)). Select J; and U, such that o is
boux}ded and Lipschitz on J; x Uy (by Corollary 1.6), and such that g is
contn.lu.ous and bounded on J; x Up. Let Jy be an open subinterval of J;
containing 0 such that its closure Jy is contained in Jj.
. Let A(z, x) be the solution of the differential equation on L(E, E) given
y
Dy A(2, x) = g(t, x)A(t, x), A0, x) =id,

as in Propos.ition 1.9. We contend that D, exists and is equal to 4 on
Jo x Up. This will prove that Dya is continuous, on Jy x Uj.
Fix xe Uy. Let

0(t, h) = a(t, x + h) — a(t, x).

Then
D6(t, h) = Dya(t, x + h) — Dya(t, x)

= f(t, oat, x+ b)) — (2, o(t, x)).
By the mean value theorem, we obtain
|D19(t1 h) . g(t’ x)0(t, h)l
= |f(t, a(t, x+h)) — £ (8, alt, x)) — Dof (t, (2, x))6(¢, )|
< |kl sup|D2f (2, y) — Daf (1, a(t, x))I,

where y ranges over the segment between (f, x) and «(t, x + k). By the
compactness of Jy it follows that our last expression is bounded by |h|y(h)
where y(h) tends to 0 with A, uniformly for ¢ in J;. Hence we obtain

16'(¢, B) — g(t, x)6(t, B)| < |hly(h),

for all ¢ ip Jo. This shows that 6(¢, k) is an |hjy(k) approximate solution
for the differential equation satisfied by A(z, x)h, namely

DyA(t, x)h — g(t, x)A(t, x)h =0,
with the initial condition A(0, x)h = h. We note that 6(z, h) has the same

initial condition, 6(0, k) = h. Taking 7, = 0 in Proposition 1.4, we obtain
the estimate ‘

|6(2, B) — A(z, x)h| < Cilhly (k)
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for all ¢ in Jp. This proves that Do is equal to 4 on Jy x Up, and is
therefore continuous on Jy x Up.

We have now proved that Dja and D,a exist and are continuous on
Jo x Up, and hence that o is of class C! on Jy x Up.

Furthermore, Djo satisfies the differential equation given in the
statement of our theorem on Jy x Up. Thus our theorem is proved when

p=1L

A flow which satisfies the properties stated in the theorem will be called
locally of class CP.

Consider now again the linear equation of Proposition 1.9. We re-
formulate it to eliminate formally the parameters, namely we define a

vector field
G: JxV xL(E,E) > F x L(E,E)

to be the map such that
G(t, x, w) = (0, g(t, x)w)

for w e L(E, E). The flow for this vector field is then given by the map 4
such that
Aty x, ) = (x, A1, x)w).

If g is of class C' we can now conclude that the flow 4 is locally of class
C!, and hence putting = id, that 4 is locally of class C'.

We apply this to the case when g(z, x) = Dof (¢, a(t, x)), and to the
solution Do of the differential equation

DI(DZa)(ts X) = g(t! X)Dz(x(t, X)

locally at each point (0, x), xe U. Let p >2 be an integer and assume
out theorem proved up to p — 1, so that we can assume « locally of class
CP-1 and f of class CP. Then g is locally of class CP~1, whence Do is
locally C?~!. From the expression

Dia(t, x) = f(z, a(t, x))
we conclude that Dy« is CP~!, whence « is locally CP.
If fis C*®, and if we knew that a is of class C? for every integer p on its
domain of definition, then we could conclude that o is C®; in other words,

there is no shrinkage in the inductive application of the local theorem. We
shall do this at the end of the section. .
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We shall now give another proof for the local smoothness of the flow
yvhlch depends on a simple application of the implicit mapping theoren;
in Banach spaces, and was found independently by Pugh and Robbin
[Ro 68]. One advantage of this proof is that it extends to H? vector fields
as noted by Ebin and Marsden [EbM 70]. ’

Let Ubc openinE and let f: U — E be a CP map. Let b > 0 and let
I, be the closed interval of radius b centered at 0. Let

F=C%I, E)

be the Banach space of continuous maps of I, into E. We let ¥ be the
subset of F consisting of all continuous curves

g: Ib—)U

mapping I, into our open set U. Then it is clear that V is open in F
because for each curve ¢ the image o(lp) is compact, hence at a finite

distan_ce from the complement of U, so that any curve close to it is also
contained in U.

We define a map
T: UxV >F

by
T(x, 0)=X+J foo—o.
0

Here we omit the dummy variable of integration, and x stands for the

const.a.nt curve with value x. If we evaluate the curve T(x, o) at ¢, then by
definition we have

T(x, 0)(f) =x+ J(:f(a(u)) du—a(t).

Fem_ma 1.12. The map T is of class C?, and its second Dpartial derivative
is given by the formula

DyT(x, 0')=J Dfoc—1
0
where I is the identity. In terms of t, this reads

D;T(x, o)h(t) = J: Df (o(u))h(u) du — h(z).



82 VECTOR FIELDS AND DIFFERENTIAL EQUATIONS [Iv, §1]

Proof. Tt is clear that the first partial derivative DT exists and is
continuous, in fact C*®, being linear in x up to a translation. To determine
the second partial, we apply the definition of the derivative. The deri-
vative of the map o+ ¢ is of course the identity. We have to get the
derivative with respect to ¢ of the integral expression. We have for small 4

Hofo(ﬁh)_Lfoo_L(Dfoa)h

< L|fo(a+h)—foa—(Dfoa)h|.

We estimate the expression inside the integral at each point #, with u
between 0 and the upper variable of integration. From the mean value
theorem, we get

| £ (o(w) + h(w)) — £(o(w)) ~ Df (o(u))h(u)| < 1Al sup |Df (z) — Df (o(w)|

where the sup is taken over all points z, on the segment between o(u) and
o(u) + h(u). Since Df is continuous, and using the fact that the image of
the curve o(l;) is compact, we conclude (as in the case of uniform
continuity) that as ||| — 0, the expression

sup |Df (z.) — Df (o(u))]

also goes to 0. (Put the € and & in yourself.) By definition, this gives us the
derivative of the integral expression in ¢. The derivative of the final term
is obviously the identity, so this proves that D,T is given by the formula
which we wrote down.

This derivative does not depend on x. It is continuous in ¢. Namely,
we have

DyT(x, 1) — D2 T(x, 0) = J [Df ot —Df oa].
0

If ¢ is fixed and 7 is close to o, then Df ot — Df oo is small, as one
proves easily from the compactness of o(J;), as in the proof of uniform
continuity. Thus D,T is continuous. By Proposition 3.5 of Chapter I, we
now conclude that 7 is of class C'.

The derivative of D,T with respect to ¢ can again be computed as
before if Df is itself of class C!, and thus by induction, if f is of class C?
we conclude that D,T is of class CP~! so that by the same reference, we
conclude that T itself is of class CP. This proves our lemma.

We observe that a solution of the equation

T(x,06)=0
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is precisely an integral curve for the vector field, with initial condition
equal to x. Thus we are in a situation where we want to apply the implicit
mapping theorem.

Lemma 1.13. Let xo € U. Let a > 0 be such that Df is bounded, say by
a number Cy > 0, on the ball B,(xy) (we can always find such a since Df
is continuous at xg). Let b < 1/Ci. Then D;T(x, o) is invertible for all
(x, 6) in By(x) x V.

Proof. We have an estimate

[ [, Pr(ewyna af < b

This means that
|D2T(x, 6) + 1| < 1,

and hence that D,T(x, o) is invertible, as a continuous linear map, thus
proving Lemma 1.13.

We are ready to reprove the local smoothness theorem by the present
means, when p is an integer, namely:

Theorem 1.14. Let p be a positive integer, and let f: U — E be a C?
vector field. Let xo € U. Then there exist numbers a, b > 0 such that the
local flow

o: Jp X Ba(xg) = U
is of class CP.

Proof. We take a so small and then b so small that the local flow exists
and is uniquely determined by Proposition 1.1. We then take b smaller
and a smaller so as to satisfy the hypotheses of Lemma 1.13. We can then
apply the implicit mapping theorem to conclude that the map x — a, is of
class CP. Of course, we have to consider the flow a and still must show
that « itself is of class C?. It will suffice to prove that D and D« are of
class1 CP~1, by Proposition 3.5 of Chapter 1. We first consider the case
p=1.

We could derive the continuity of « from Corollary 1.2 but we can also
get it as an immediate consequence of the continuity of the map x — a.
Indeed, fixing (s, y) we have

la(t’ X) . o:(s, Y)l = |(X(t, X) - (X(t, y)l + I(X(t, y) . Ot(s, y)l
= flox — oy [l + oy (2) — ay(s)]-

Since a, is continuous (being differentiable), we get the continuity of a.
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Since

Dla(t7 X) = f(u(t’ X)),
we conclude that Dja is a composite of continuous maps, whence

continuous.
Let ¢ be the derivative of the map x — oy, so that

9 Bu(xo) - L(E, C°(Is, E)) = L(E, F)
is of class C?~!. Then
Uy — 0x = (X)W + [w[ (w),
where y(w) — 0 as w — 0. Evaluating at ¢, we find
aft, x+w) — a(t, x) = (e(x)w)(2) + Wiy (w)(2),
and from this we see that

Daa(t, x)w = (p(x)w)(2).
Then

|D2a(2, x)w — Daa(s, y)w|
< |(e(x)w) (@) — ()W) @] + [(e()w) (1) — (e(3)w)(s)].
The first term on the right is bounded by

lo(x) — o(»)| W]
so that
|Dya(t, x) — Daa(t, y)| < lo(x) — 9(¥)I-

We shall prove below that

|(e(»)w)(2) — (9(3)w) ()]

is uniformly small with respect to w when s is close to . This proves the
continuity of D;o, and concludes the proof that a is of class cl

The following proof that |(¢(»)w)(#) — (¢(¥)w)(s)| is uniformly small
was shown to me by Professor Yamanaka. We have

1) aft, x) = x+ L;f(tx(u, x)) du.
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Replacing x with x+ Aw (we E, 1 #0), we obtain

(2) alt, x + Aw) = x + Aw + Jl [ (e, x + Aw)) du.
0
Therefore
(3) alt, X+ b;) —otx) _ w4+ J;% [f (a(u, x + Aw)) — f(x(u, x))] du.

On the other hand, we have already seen in the proof of Theorem 1.14
that

(4) oft, x + Aw) — o, x) = A(p(x)w)(2) + |4] [wiy (Aw)(D).
Substituting (4) in (3), we obtain:

l t
(e(tyw)(1) + %lwln//(lw)(t) =w+ L% [f (a(u, x + Aw)) — f(x(n, x))] au

t ol
=w+J J G(u, A, v) dv du,

0lJo
where

Gl & o) = DF (ol 9 + v () ((90IW)0) + ea(d)
with
1) = Alple)w) @) + I W) (@), @) =y am)).

Letting 4 — 0, we have
5) (9a)(0) = w+ [ DF (ot ) (o) )
By (5) we have

|(e(x)w) (2) — (e(x)w) ()| < i J Df (a(u, x)) (p(x)w) (w) du
= bGlp(x)| - [w] - |t — sl
from which we immediately obtain the desired uniformity.

Returning to our main concern, the flow, we have

oft, x) = x+ J:f(oc(u, x)) du.
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We can differentiate under the integral sign with respect to the parameter
x and thus obtain

Dia(t, x) =T+ J; Df (a(u, x))Daci(u, x) du,

where I is a constant linear map (the identity). Differentiating with respect
to t yields the linear differential equation satisfied by D,x, namely

D]Dzot(t, x) = Df(ot(t, x))Dzot(t, x)

and this differential equation depends on time and parameters. We have
seen earlier how such equations can be reduced to the ordinary case. We
now conclude that locally, by induction, D;a is of class CP~! since Df is
of class CP~!. Since

Dia(t, x) = f(a(t, x)),

we conclude by induction that Dja is CP~1. Hence o is of class CP by
Proposition 3.5 of Chapter I. Note that each time we use induction, the
domain of the flow may shrink. We have proved Theorem 1.14, when p is
an integer.

We now give the arguments needed to globalize the smoothness. We
may limit ourselves to the time-independent case. We have seen that the
time-dependent case reduces to the other.

Let U be open in a Banach space E, and let f: U — E be a C? vector
field. We let J(x) be the domain of the integral curve with initial
condition equal to w.

Let D(f) be the set of all points (¢, x) in R x U such that ¢ lies in
J(x). Then we have a map

o: D(f) - U

defined on all of D(f), letting a(?, x) = ox(¢) be the integral curve on J(x)
having x as initial condition. We call this the flow determined by f, and
we call D(f) its domain of definition.

Lemma 1.15. Let f: U — E be a C? vector field on the open set U of
E, and let o be its flow. Abbreviate o(t, x) by tx, if (¢, x) is in the
domain of definition of the flow. Let xe U. If to lies in J(x), then

J(tox) = J(x) (1}
(translation of J(x) by —t), and we have for all t in J(x) — 1o

(tox) = (¢ + 1o)x.
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Proof. The two curves defined by
t—aft, a(to, x)) and e a(t+ 1, x)

are integral curves of the same vector field, with the same initial condition
tox at t=0. Hence they have the same domain of definition J(zox).
Hence 1, lies in J(#x) if and only if # + #, lies in J(x). This proves the
first assertion. The second assertion comes from the uniqueness of the
integral curve having given initial condition, whence the theorem follows.

Theorem 1.16 (Global Smoothness of the Flow). If f is of class CP (with
» £ ), then its flow is of class CP on its domain of definition.

Proof. First let p be an integer = 1. We know that the flow is locally
of class CP at each point (0, x), by the local theorem. Let xo € U and let
J(xo) be the maximal interval of definition of the integral curve having x
as initial condition. Let D(f) be the domain of definition of the flow, and
let o be the flow. Let Q be the set of numbers b > 0 such that for each ¢
with 0 < ¢ < b there exists an open interval J containing ¢ and an open set
V containing xp such that J x ¥V is contained in D(f) and such that « is of
class C? on J x V. Then Q is not empty by the local theorem. If Q is not
bounded from above, then we are done looking toward the right end point
of J(xp). If Q is bounded from above, we let b be its least upper bound.
We must prove that b is the right end point of J(xo). Suppose that this
is not the case. Then a(b, xo) is defined. Let x; = a(b, x). By the local
theorem, we have a unique local flow at x;, which we denote by f:

B: Jax Ba(x1) > U, B(0, x) =x,

defined for some open interval J, = (—a, a) and open ball B,(x;) of radius
a centered at x;. Let § be so small that whenever b —J < t < b we have

a(t, xo) € Basa(x1)-
We can find such é because

li —

t—vlmb a(t7 X()) X1
by continuity. Select a point #; such that b—& <1 <b. By the
hypothesis on b, we can select an open interval J; containing 7, and an
open set U; containing xo so that

o: J] X U1 - Ba/z(xl)

maps J; x U; into B,/(x1). We can do this because o is continuous at
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(#1, xo), being in fact C” at this point. If |1 — 11| < g and x € U;, we define

o(t, x) = B(t — 11, a1y, x)).
Then

¢(tl1 JC) = ﬁ(oa a(tla x)) = a(tla x)
and

Dig(t, x) = D1f(t — 11, a(n, x))
= f(ﬂ(t -1, a(t], x)))
. f(¢(t’ x))

Hence both ¢, and a, are integral curves for f with the same value at #,.
They coincide on any interval on which they are defined by the uniqueness
theorem. If we take & very small compared to g, say 6 < a/4, we see that
@ is an extension of « to an open set containing (#, @), and also
containing (b, x). Furthermore, ¢ is of class C?, thus contradicting the
fact that b is strictly smaller than the end point of J(xp). Similarly, one
proves the analogous statement on the other side, and we therefore see
that D(f) is open in R x U and that « is of class C? on D(f), as was to
be shown.

The idea of the above proof is very simple geometrically. We go as far
to the right as possible in such a way that the given flow a is of class CP
locally at (t, xp). At the point a(b, xo) We then use the flow § to extend
differentiably the flow o in case b is not the right-hand point of J(xp). The
flow B at a(b, xo) has a fixed local domain of definition, and we simply
take ¢ close enough to b so that g gives an extension of o, as described in
the above proof.

Of course, if fis of class C®, then we have shown that « is of class C?
for each positive integer p, and therefore the flow is also of class C*.

In the next section, we shall see how these arguments globalize even
more to manifolds.

IV, §2. VECTOR FIELDS, CURVES, AND FLOWS

Let X be a manifold of class CP with p > 2. We recall that X is assumed
to be Hausdorff. Let n: T(X) — X be its tangent bundle. Then T(X) is
of class CP~!, p—121.

By a (time-independent) vector field on X we mean a cross section of
the tangent bundle, i.e. a morphism (of class CP!)

& X - T(X)
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such that £(x) lies in the tangent space T,(X) for each x € X, or in other
words, such that =€ = id.

If T(X) is trivial, and say X is an E-manifold, so that we have a VB-
isomorphism of T(X) with X x E, then the morphism ¢ is completely
determined by its projection on the second factor, and we are essentially in
the situaiton of the preceding paragraph, except for the fact that our
vector field is independent of time. In such a product representation, the
projection of £ on the second factor will be called the local representation
of £. It is a CP '-morphism

f: X—=E

and £(x) = (x, f(x)). We shall also say that ¢ is represented by /locally if
we work over an open subset U of X over which the tangent bundle
admits a trivialisation. We then frequently use £ itself to denote this local
representation.

Let J be an open interval of R. The tangent bundle of J is then J x R
and we have a canonical section ¢ such that () =1 for all reJ. We
sometimes write 7, instead of (7).

By a curve in X we mean a morphism (always of class = 1 unless
otherwise specified)

o J - X

from an open interval in R into X. If g: X — Y is a morphism, then g o «
is a curve in Y. From a given curve o, we get an induced map on the
tangent bundles:

J xR — T(X)

Lk

J — X

o

and o, oz will be denoted by o’ or by da/dt if we take its value at a point
tin J. Thus o’ is a curve in T(X), of class CP! if « is of class CP.
Unless otherwise specified, it is always understood in the sequel that we
start with enough differentiability to begin with so that we never end up
with maps of class < 1. Thus to be able to take derivatives freely we have
to take X and « of class CP with p = 2.

If g: X - Y is a morphism, then

(go tx)'(t) = g,o/(1).

This follows at once from the functoriality of the tangent bundle and the
definitions.
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Suppose that J contains 0, and let us consider curves defined on J and
such that «(0) is equal to a fixed point x;. We could say that two such
curves aj, o are tangent at 0 if «j(0) = «j(0). The reader will verify
immediately that there is a natural bijection between tangency classes of
curves with a(0) = xo and the tangent space T,,(X) of X at xo. The
tangent space could therefore have been defined alternatively by taking
equivalence classes of curves through the point.

Let & be a vector field on X and xp a point of X. An integral curve for
the vector field ¢ with initial condition x;, or starting at x, is a curve (of
class cP1)

o J - X

mapping an open interval J of R containing 0 into X, such that «(0) = xp
and such that

o’ (1) = &(a(2))

for all reJ. Using a local representation of the vector field, we know
from the preceding section that integral curves exist locally. The next
theorem gives us their global existence and uniqueness.

Theorem 2.1. Let o;: J1 — X and az: J, — X be two integral curves of
the vector field & on X, with the same initial condition xo. Then oy and
oy are equal on Jy N J,.

Proof. Let J* be the set of points ¢ such that «;(¢) = 0z(¢). Then J*
certainly contains a neighborhood of 0 by the local uniqueness theorem.
Furthermore, since X is Hausdorff, we see that J* is closed. We must
show that it is open. Let t* be in J* and define f;, B, near 0 by

ﬂl(t) . al(t* + t)7
Bat) = oalt* + 1)

Then f; and f, are integral curves of £ with initial condition a;(z*) and
op(t*) respectively, so by the local uniqueness theorem, f; and f, agree in
a neighborhood of 0 and thus o, a» agree in a neighborhood of *,
thereby proving our theorem.

It follows from Theorem 2.1 that the union of the domains of all
integral curves of ¢ with a given initial condition xo is an open interval
which we denote by J(xp). Its end points are denoted by r*(xp) and
t~(xp) respectively. (We do not exclude +o0 and —o0.)

Let D(&) be the subset of R x X consisting of all points (¢, x) such that

r(x) <t<rt(x).
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A (global) flow for £ is a mapping
a: B(E) — X,

such that for each x € X, the map a,: J(x) — X given by
ox(f) = a(t, x)

defined on the open interval J(x) is a morphism and is an integral curve
for ¢ with initial condition x. When we select a chart at a point xp of X,
then one sees at once that this definition of flow coincides with the
definition we gave locally in the previous section, for the local repre-
sentation of our vector field.

Given a point x € X and a number ¢, we say that zx is defined if (7, x) is
in the domain of «, and we denote oz, x) by tx in that case.

Theorem 2.2. Let & be a vector field on X, and « its flows. Let x be a
point of X. If ty lies in J(x), then

J(t()x) = J(x) — 1o
(translation of J(x) by —), and we have for all t in J(x) —ty:
t(tox) = (¢ + to)x.

Proof. Our first assertion follows immediately from the maximality
assumption concerning the domains of the integral curves. The second is
equivalent to saying that the two curves given by the left-hand side and
right-hand side of the last equality are equal. They are both integral
curves for the vector field, with initial condition #ox and must therefore be
equal.

In particular, if #;, £, are two numbers such that ¢1x is defined and
i(t1x) is also defined, then so is (¢ + #)x and they are equal.

Theorem 2.3. Let & be a vector field on X, and x a point of X. Assume
that t+(x) < 0. Given a compact set A — X, there exists € > 0 such that
Jor all t > t+(x) — ¢, the point tx does not lie in A, and similarly for t~.

Proof. Suppose such e does not exist. Then we can find a sequence ¢,
of real numbers approaching £"(x) from below, such that #,x lies in A.
Since A4 is compact, taking a subsequence if necessary, we may assume
that #,x converges to a point in 4. By the local existence theorem, there
exists a neighborhood U of this point y and a number é > 0 such that
t*(z) > 6 for all ze U. Taking n large, we have

tH(x) <+ ty



92 VECTOR FIELDS AND DIFFERENTIAL EQUATIONS [1V, §2]

and t,x is in U. Then by Theorem 2.2,
H(x) =t (tyx) + 1, >+ 1, > tH(x)
contradiction.
Corollary 24. If X is compact, and & is a vector field on X, then
DE)=RxX.

It is also useful to give one other criterion when D(£) =R x X, even
when X is not compact. Such a criterion must involve some structure
stronger than the differentiable structure (essentially a metric of some sort),
because we can always dig holes in a compact manifold by taking away a
point.

Proposition 2.5. Let E be a Banach space, and X an E-manifold. Let ¢
be a vector field on X. Assume that there exist numbers a > 0 and K > 0
such that every point x of X admits a chart (U, ¢) at x such that the
local representation f of the vector field on this chart is bounded by K,
and so is its derivative f'. Assume also that U contains a ball of radius
a around gx. Then D(E) =R x X.

Proof. This follows at once from the global continuation theorem, and
the uniformity of Proposition 1.1.

We shall prove finally that D(£) is open and that « is a morphism.

Theorem 2.6. Let & be a vector field of class CP~! on the CP-manifold
X (25 p= ). Then D(&) is open in R x X, and the flow o for £ is a
CP Lmorphism.

Proof. Let first p be an integer = 2. Let xo € X. Let J* be the set of
points in J(xp) for which there exists a2 number b >0 and an open
neighborhood U of xp such that (# — b, 1+ b) U is contained in D(£), and
such that the restriction of the flow « to this product is a CP~!-morphism.
Then J* is open in J(xo), and certainly contains 0 by the local theorem.
We must therefore show that J* is closed in J(xp).

Let s be in its closure. By the local theorem, we can select a
neighborhood V of sxp = a(s, x¢) so that we have a unique local flow

f: JuaxV o X

for some number a > 0, with initial condition S(0, x) = x for all xe ¥,
and such that this local flow g is CP~L.
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The integral curve with initial condition xp is certainly continuous on
J(xp). Thus rx, approaches sxo as t approaches s. Let V7 be a given
small neighborhood of sx, contained in V. By the definition of J*, we can
find an element #; in J* very close to s, and a small number b (compared
to a) and a small neighborhood U of x¢ such that a maps the product

(hh—b,t1+b)xU

into Vi, and is CP~! on this product. For te J, + #; and x € U, we define

o(t, x) = B(t — 1, o1, x))-
Then ¢(t1, x) = B(0, a(t1, x)) = a(t1, x), and

Dig(t, x)D1B(t — 11, ofty, x))
= ¢(B(t— n, oty X))
= é(¢(t) x))

Hence both ¢,, a, are integral curves for £, with the same value at f;.
They coincide on any interval on which they are defined, so that ¢, is
a continuation of «, to a bigger interval containing s. Since « is CP-! on
the product () —b, tj +b) x U, we conclude that ¢ is also Cc?! on
(J.+t1) x U. From this we see that D(£) is open in R x X, and that « is
of class CP~! on its full domain D(£). If p= co, then we can now
conclude that « is of class C” for each positive integer r on D(£), and
hence is C®, as desired.

Corollary 2.7. For each teR, the set of xe€X such that (t, x) is
contained in the domain D(&) is open in X.

Corollary 2.8. The functions t*(x) and t~(x) are upper and lower
semicontinuous respectively.

Theorem 2.9. Let & be a vector field on X and « its flow. Let (&) be
the set of points x of X such that (t, x) lies in D(). Then (&) is open
for each t € R, and o, is an isomorphism of Di(£) onto an open subset of
X. In fact, o,(D;) = D, and o' = a_,.

Proof. Immediate from the preceding theorem.

Corollary 2.10. If xo is a point of X and t is in J(xp), then there exists
an open neighborhood U of xy such that t lies in J(x) for all xe U, and
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the map
X — X

is an isomorphism of U onto an open neighborhood of tx,.

Critical points

Let £ be a vector field. A critical point of ¢ is a point xg such that
&(xp) = 0. Critical points play a significant role in the study of vector
fields, notably in the Morse theory. We don’t go into this here, but just
make a few remarks to show at the basic level how they affect the
behavior of integral curves.

Proposition 2.11. If « is an integral curve of a C! vector field, &, and o
passes through a critical point, then o is constant, that is «(t) = xo for
all t.

Proof. The constant curve through x is an integral curve for the vector
field, and the uniqueness theorem shows that it is the only one.

Some smoothness of the vector field in addition to continuity must be
assumed for the uniqueness. For instance, the following picture illustrates
a situation where the integral curves are not unique. They consist in
translations of the curve y = x* in the plane. The vector field is con-
tinuous but not locally Lipschitz.

Proposition 2.12. Let & be a vector field and o an integral curve for €.
Assume that all t 20 are in the domain of o, and that

lim a(t) = x;
t—0

exists. Then xy is a critical point for &, that is &(x1) =0.
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Proof. Selecting t large, we may assume that we are dealing with the
local representation f of the vector field near x;j. Then for ¢’ > ¢ large, we

have
t,

a(t’) —a(t) = j S (o)) du.

t

Write f(a(u)) = f(x1) + g(u), where limg(u) = 0. Then

IfGea)l | — 2] < Joe) — ()| + |t — o] suplg(u)),

where the sup is taken for u large, and hence for small values of g(u).
Dividing by |¢' — | shows that f(x;) is arbitrarily small, hence equal to 0,
as was to be shown.

Proposition 2.13. Suppose on the other hand that xy is not a critical
point of the vector field £. Then there exists a chart at xy such that the
local representation of the vector field on this chart is constant.

Proof. In an arbitrary chart the vector field has a representation as a
morphism
& U—-E

near xo. Let o be its flow. We wish to “straighten out” the integral curves
of the vector field according to the next figure.

of7(z), Px)

In other words, let v = &(xp). We want to find a local isomorphism ¢ at
xp such that

¢'(x)v = &(p(x))-
We inspire ourselves from the picture. Without loss of generality, we may
assume that xo =0. Let A be a functional such that A(v) #0. We de-
compose E as a direct sum

E=F®Ry,



96 VECTOR FIELDS AND DIFFERENTIAL EQUATIONS v, §3]

where F is the kernel of 1. Let P be the projection on F. We can write
any x near 0 in the form

x = Px + t(x)v,
where
7(x) = %

We then bend the picture on the left to give the picture on the right using
the flow o of &, namely we define

9(x) = a(z(x), Px).

This means that starting at Px, instead of going linearly in the direction of
v for a time 7(x), we follow the flow (integral curve) for this amount of
time. We find that

¢'(x) = D1a(z(x), Px) + Daa(z(x), Px) P.

yl
Av)
Hence ¢’(0) =id, so by the inverse mapping theorem, ¢ is a local iso-
morphism at 0. Furthermore, since Pv =0 by definition, we have

¢'(x)v = D1a(z(x), Px) = &(p(x)),

thus proving Proposition 2.13.

IV, §3. SPRAYS

Second-order vector fields and differential equations

Let X be a manifold of class C? with p 2 3. Then its tangent bundle
T(X) is of class CP!, and the tangent bundle of the tangent bundle
T(T(x)) is of class CP~2, with p—2> 1.

Let a: J — X be a curve of class C? (¢ < p). A lifting of « into 7T'(X)
is a curve f: J— T(X) such that nf =oa. We shall always deal with
g = 2 so that a lift will be assumed of class ¢ - 12 1. Such lifts always
exist, for instance the curve o’ discussed in the previous section, called the
canonical lifting of o.

A second-order vector field over X is a vector field F on the tangent
bundle T(X) (of class CP~!) such that, if n: TX — X denotes the canoni-
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cal projection of 7(X) on X, then
n, o F =id., thatis =n.F(v) =v for allvin T(X).
Observe that the succession of symbols makes sense, because
n: TT(X) - T(X)
maps the double tangent bundle into 7'(X) itself.

A vector field F on TX is a second-order vector field on X if and only if it
satisfies the following condition: Each integral curve f of F is equal to the
canonical lifting of =, in other words

(=B)’ = B.

Here, nf is the canonical projection of f on X, and if we put the
argument ¢, then our formula reads

(®p)'(2) = B(2)

for all 7 in the domain of . The proof is immediate from the definitions,
because

(np) =np =n.0Fop

We then use the fact that given a vector v € TX, there is an integral curve
B =P, with B,(0) = v (initial condition v).

Let o: J — X be a curve in X, defined on an interval J. We define « to
be a geodesic with respect to F if the curve

o: J - TX

is an integral curve of F. Since na’' = o, that is «’ lies above o in TX, we
can express the geodesic condition equivalently by stating that o satisfies
the relation

o” = F(o').

This relation for curves o in X is called the second-order differential
equation for the curve o, determined by F. Observe that by definition, if
is an integral curve of F in TX, then nf is a geodesic for the second order
vector field F.

Next we shall give the representation of the second order vector field
and of the integral curves in a chart.
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Representation in charts

Let U be open in the Banach space E, so that T(U)= U x E, and
T(T(U)) = (U xE) x (ExE). Then n: UxE — U is simply the pro-
jection, and we have a commutative diagram:

(UxE)x(ExE) —*» UxE

| |

UxE — U

4

The map 7. on each fiber E x E is constant, and is simply the projection
of E X E on the first factor E, that is

7. (x, v, u, w) = (x, u).
Any vector field on U x E has a local representation
f: UXE—-EXE
which has therefore two components, f = (f}, f;), each f; mapping U x E
into E. The next statement describes second order vector fields locally in

the chart.

Let U be open in the Banach space E, and let T(U) = U x E be the
tangent bundle. A CP~2-morphism

f: UXE—-EXE

is the local representation of a second order vector field on U if and

only if
f(x, v) = (v, fo(x, V).

The above statement is merely making explicit the relation 7. F = id, in
the chart. If we write f = (f;, f;), then we see that

f 1 (xv U) =70
We express the above relations in terms of integral curves as follows.

Let § = f(t) be an integral curve for the vector field F on TX. In the
chart, the curve has two components

B(®) = (x(1), v(t)) e U x E.
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By definition, if f is the local representation of F, we must have

d, dx d
G 25) = f(x0) = (&, folx, v)).

Consequently, our differential equation can be rewritten in the following
manner:

dx
EI_ . U(t)’

dx_do_ [
az a7\ )

which is of course familiar.

(1)

Sprays

We shall be interested in special kinds of second-order differential
equations. Before we discuss these, we make a few technical remarks.

Let s be a real number, and n: E — X be a vector bundle. If v is in E,
so in E, for some x in X, then sv is again in E, since E, is a vector
space. We write sg for the mapping of E into itself given by this scalar
multiplication. This maping is in fact a VB-morphism, and even a VB-
isomorphism if s # 0. Then

T(sg) = (sg),: T(E) — T(E)

is the usual induced map on the tangent bundle of E.
Now let E=TX be the tangent bundle itself. Then our map sry
satisfies the property

(s7x), © sSTTX = STTX © (STX),,

which follows from the linearity of s7x on each fiber, and can also be seen
directly from the representation on charts given below.

We define a spray to be a second-order vector field which satisfies the
homogeneous quadratic condition:

SPR 1. For all seR and ve T(X), we have
F(sv) = (s7x) * sF(v).

It is immediate from the conditions defining sprays (second-order vector
field satisfying SPR 1) that sprays form a convex set! Hence if we can
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exhibit sprays over open subsets of Banach spaces, then we can glue them
together by means of partitions of unity, and we obtain at once the
following global existence theorem.

Theorem 3.1. Let X be a manifold of class C? (p =2 3). If X admits
partitions of unity, then there exists a spray over X.

Representations in a chart
Let U be open in E, so that TU = U x E. Then
TTU = (U xE) x (E x E),

and the representations of s7y and (sry), in the chart are given by the
maps

stu: (x, v) — (x, sv) and  (stv),: (x, v, u, w) — (x, sv, u, sw).

Thus

srru o (stu),: (X, v, u, w) — (x, sv, su, s*w).

We may now give the local condition for a second-order vector field F
to be a spray.

Proposition 3.2. In a chart U XE for TX, let f: UxE—-ExE

represent F, with f = (f,, f,). Then f represents a spray if and only if,
for all se R we have

fZ(xa SU) . s2f2(xa U).

Proof. The proof follows at once from the definitions and the formula
giving the chart representation of s(s7x),.

Thus we see that the condition SPR 1 (in addition to being a second-
order vector field), simply means that f, is homogeneous of degree 2 in the
variable v. By the remark in Chapter I, §3, it follows that f, is a quadratic
map in its second variable, and specifically, this quadratic map is given by

fH(x,v)= %D%fz(x, 0)(v, v).

Thus the spray is induced by a symmetric bilinear map given at each point
x in a chart by

@ B(x) = 3 D3 f5(x, 0).
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Conversely, suppose given a morphism

U—- Lszym(E, E) given by x — B(x)
from U into the space of symmetric bilinear maps E x E — E. Thus for
each v, we E the value of B(x) at (v, w) is denoted by B(x; v, w) or
B(x)(v, w). Define fo(x, v) = B(x; v,v). Then f, is quadratic in its
second variable, and the map f defined by

f(x, v) = (v, B(x; v,v)) = (v, folx, v))

represents a spray over U. We call B the symmetric bilinear map asso-
ciated with the spray. From the local representations in (1) and (2), we
conclude that a curve o is a geodesic if and only if o satisfies the differential
equation

(3) o«"(f) = By (o (1), &/ (1))  forall ¢.

We recall the trivial fact from linear algebra that the bilinear map B is
determined purely algebraically from the quadratic map, by the formula

B(v, w) = %[fz(” +w) — fo(v) — L(W)].

We have suppressed the x from the notation to focus on the relevant
second variable v. Thus the quadratic map and the symmetric bilinear
map determine each other uniquely.

The above discussion has been local, over an open set U in a Banach
space. In Proposition 3.4 and the subsequent discussion of connections, we
show how to globalize the bilinear map B intrinsically on the manifold.

Examples. As a trivial special case, we can always take f,(x, v) = (v, 0)
to represent the second component of a spray in the chart.

In the chapter on Riemannian metrics, we shall see how to construct a
spray in a natural fashion, depending on the metric.

In the chapter on covariant derivatives we show how a spray gives rise
to such derivatives.

Next, let us give the transformation rule for a spray under a change of
charts, i.e. an isomorphism A: U — V. On TU, the map Th is represented
by a morphism (its vector component)

H: UXE—ExE gvenby  H(x, v) = (h(x), ' (x)v).

We then have one further lift to the double tangent bundle 77U, and we
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may represent the diagram of maps symbolically as follows:

(U xE)x ExE) ), (v x E)x (E x E)

| /i | fo

UxE H=kr) VxE

]

U _— | 4

Then the derivative H'(x, v) is given by the Jacobian matrix operating on
column vectors ‘(u, w) with u, we E, namely

= (180, 10,) w wsa(2)- (55 ,00)(2):

Thus the top map on elements in the diagram is given by
(H, H'): (x, v, u, w) — (h(x), b'(x)v, b'(x)u, h"(x)(u, v) + k' (x)w).

For the application, we put u = v because f(x, v) = v, and w = f, ,(x, v),
where f; and f, denote the representations of the spray over U and V
respectively. It follows that f;;, and f,, are related by the formula

Sy (h(x), ' (x)v) = (K'(x)o, B"(x)(v, v) + h'(x) fy, (%, v))-
Therefore we obtain:

Proposition 3.3. Change of variable formula for the quadratic part of a
spray: '
fV,Z(h(x)’ hl(x)v) = h”(x)(v’ U) + h,(x)fU,Z(x7 U),

By (h(x); K (x)v, B (x)w) = h"(x)(v, w) + b'(x)By(x; v, w).
Proposition 3.3 admits a converse:

Proposition 3.4. Suppose we are given a covering of the manifold X by
open sets corresponding to charts U, V..., and for each U we are given
a morphism

By: U— L2, (E E)
which transforms according to the formula of Proposition 3.3 under an
isomorphism h: U — V. Then there exists a unique spray whose asso-
ciated bilinear map in the chart U is given by By.
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Proof We leave the verification to the reader.

Remarks. Note that By(x; v, w) does not transform like a tensor of
type L2, (E, E), ie. a section of the bundle L2 (TX, TX). There are
several ways of defining the bilinear map B intrinsically. One of them is
via second order bundles, or bundles of second order jets, and to extend
the terminology we have established previously to such bundles, and even
higher order jet bundles involving higher derivatives, as in [Po 62].
Another way will be done below, via connections. For our immediate
purposes, it suffices to have the above discussion on second-order differ-
ential equations together with Proposition 3.3 and 3.4. Sprays were in-
troduced by Ambrose, Palais, and Singer [APS 60], and I used them (as
recommended by Palais) in the earliest version [La 62]. In [Lo 69] the
bilinear map By is expressed in terms of second order jets. The basics
of differential topology and geometry were being established in the early
sixties. Cf. the bibliographical notes from [Lo 69] at the end of his first
chapter.

Connections

We now show how to define the bilinear map B intrinsically and directly.
Matters will be clearer if we start with an arbitrary vector bundle

p: E—-X

over a manifold X. As it happens we also need the notion of a fiber
bundle when the fibers are not necessarily vector spaces, so don’t have a
linear structure. Let f: Y — X be a morphism. We say that f (or Y over
X) is a fiber bundle if f'is surjective, and if each point x of X has an open
neighborhood U, and there is some manifold Z and an isomorphism
h: f~Y(U)y - U x Z such that the following diagram is commutative:

o —r L uxz
S

Thus locally, f: Y — X looks like the projection from a product space.
The reason why we need a fiber bundle is that the tangent bundle

ng: TE > E

is a vector bundle over E, but the composite f = pong: TE — X is only
a fiber bundle over X, a fact which is obvious by picking trivializations in
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charts. Indeed, if U is a chart in X, and if U x F — U is a vector bundle
chart for E, with fiber F, and Y = TE, then we have a natural iso-
morphism of fiber bundles over U:

) —————— U xPxExF
Mg Pry2

UxF

AN
Pry

U

Note that U being a chart in X implies that U x E — U is a vector bundle
chart for the tangent bundle 7U over U.

The tangent bundle TF has two natural maps making it a vector
bundle:

ng: TE — E is a vector bundle over E;

T(p): TE — TX is a vector bundle over TX.

Therefore we have a natural morphism of fiber bundle (not vector bundle)
over X:

(me, T(p)): TESE@®TX  givenby W (ngW, T(p)W)

for We TE. If W € T.E with e € E,, then ngW € E, and T(p)W € T, X.
After these preliminaries, we define a connection to be a morphism of
fiber bundles over X, from the direct sum E @® TX into TE:

H: E®TX - TE
such that

(ﬂE, T(p)) oH = idE@TX,
and such that H is bilinear, in other words H,: E, ® T, X — TE is
bilinear.
Consider a chart U as in the above diagram, so
TU=UxE and T(UxF)=(UxF) x (ExF).
Then our map H has a coordinate representation

H(x, e, v) = (x, e, Hi(x, €, v), Hy(x,e,v)) foreeFandvekE.

The fact that (ng, T(p)) o H = idgerx implies at once that Hy(x, e, v)-= v.
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The bilinearity condition implies that for fixed x, the map
(e, v) — Hy(x, e, v)

is bilinear as a map F x E — E. We shall therefore denote this map by
B(x), and we write in the chart

H(x, e, v) = (x, e, v, B(x)(e, v)) or also (x, e, v, B(x, e, v)).

Now take the special case when E = TX. We say that the connection
is symmetric if the bilinear map B is symmetric. Suppose this is the case.
We may define the corresponding quadratic map TX — TTX by letting
f2(x, v) = B(x, v, v). Globally, this amounts to defining a morphism

F: TX - TTX such that F = H o diagonal
where the diagonal is taken in 7X @ TX, in each fiber. Thus
F(v) = H(v, v) forveT,X.

Then F is a vector field on TX, and the condition (z,,m.)o H =id on
TX @ TX implies that F is a second-order vector field on X, in other
words, F defines a spray. It is obvious that all sprays can be obtained in
this fashion. Thus we have shown how to describe geometrically the
bilinear map associated with a spray.

Going back to the general case of a vector bundle E unrelated to TX,
we note that the image of a connection H is a vector subbundle over E.
Let V denote the kernel of the map T(p): TE — TX. We leave it to the
reader to verify in charts that V is a vector subbundle of TE over E, and
that the image of H is a complementary subbundle. One calls V' the
vertical subbundle, canonically defined, and one calls H the horizontal
subbundie determined by the connection. See Chapter X, §4. Also note
that Eliasson [E1 67] introduced connections in Banach manifolds, with a
view to applications to manifolds of mappings. Cf. Kobayashi [Ko 57],
Dombrowski [Do 68], and Besse [Be 78] for more basic material on
connections.

IV, §4. THE FLOW OF A SPRAY AND
THE EXPONENTIAL MAP

The condition we have taken to define a spray is equivalent to other
conditions concerning the integral curves of the second-order vector field
F. We shall list these conditions systematically. We shall use the fol-
lowing relation. If a: J — X is a curve, and a is the curve defined by
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o1() = afst), then
oy (£) = sa'(st),

this being the chain rule for differentiation.

If v is a vector in TX, let B, be the unique integral curve of F with
initial condition v (i.e. such that §,(0) = v). In the next three conditions,
the sentence should begin with “for each v in TX™.

SPR 2. A number t is in the domain of B,, if and only if st is in the
domain of B, and then

Bo(0) = sP,(st).

SPR 3. If s, t are numbers, st is in the domain of B, if and only if s is in
the domain of B,,, and then

h1(s) = 7B, (s2).

SPR 4. A number t is in the domain of B, if and only if 1 is in the
domain of B,,, and then

7B, (1) = nf,, (1)
We shall now prove the equivalence between all four conditions.

Assume SPR 1, and let s be fixed. For all ¢ such that sz is in the
domain of f,, the curve B,(st) is defined and we have

d
7 (sB,(st)) = suB,(st) = s,.5F (B, (st)) = F(sB,(st))-

Hence the curve s, (st) is an integral curve for F, with initial condition
sP,(0) = sv. By uniqueness we must have

8P, (st) = B, (1)
This proves SPR 2.

_ Assume SPR 2. Since B, is an integral curve of F for each v, with
initial condition v, we have by definition

Be,(0) = F(sv).

Using our assumption, we also have

Bo(t) = % (sB,(s)) = s:3B,(st).

[IV, §4] THE FLOW OF A SPRAY AND THE EXPONENTIAL MAP 107

Put t = 0. Then SPR 1 follows because S, and §, are integral curves of F
with initial conditions sv and v respectively.

It is obvious that SPR 2 implies SPR 3. Conversely, assume SPR 3.
To prove SPR 2, we have

Bolt) = (mB) (1) = B (st) = () (s) = 5B, (o),

which proves SPR 2.

Assume SPR 4. Then st is in the domain of g, if and only if 1 is in the
domain of B,,, and s is in the domain of B, if and only if 1 is in the
domain of B, This proves the first assertion of SPR 3, and again by
SPR 4, assuming these relations, we get SPR 3.

It is similarly clear that SPR 3 implies SPR 4.

Next we consider further properties of the integral curves of a spray.
Let F be a spray on X. As above, we let B, be the integral curve with
initial condition v. Let D be the set of vectors v in 7T(X) such that g, is
defined at least on the interval [0, 1]. We know from Corollary 2.7 that D
is an open set in 7(X), and by Theorem 2.6 the map

v B,(1)
is a morphism of D into 7(X). We now define the exponential map
exp: D= X
exp (v) = 7f,(1).
Then exp is a CP~2-morphism. We also call D the domain of the ex-
ponential map (associated with F).

If x € X and 0, denotes the zero vector in Ty, then from SPR 1, taking
s=0, we see that F(0x) =0. Hence

to be

exp (0x) = x.

Thus our exponential map coincides with 7z on the zero cross section, and
so induces an isomorphism of the cross section onto X. It will be
convenient to denote the zero cross section of a vector bundle E over X by
Ce(X) or simply (X if the reference to E is clear. Here, E is the tangent
bundle.

We denote by exp, the restriction of exp to the tangent space 7. Thus

exp,: Tx — X.
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Theorem 4.1. Let X be a manifold and F a spray on X. Then
exp,: ITx = X

induces a local isomorphism at Oy, and in fact (exp,), is the identity at
0,.

Proof. We prove the second assertion first because the main assertion
follows from it by the inverse mapping theorem. Furthermore, since T is
a vector space, it suffices to determine the derivative of exp, on rays, in
other words, to determine the derivative with respect to ¢ of a curve
exp,(tv). This is done by using SPR 3, and we find

d
Enﬁw . Btv'

Evaluating this at =0 and taking into account that §, has w as initial
condition for any w gives us

(exp,),(0x) =id.
This concludes the proof of Theorem 4.1.

Helgason gave a general formula for the differential of the exponential
map on analytic manifolds [He 61], reproduced in [He 78], Chapter I,
Theorem 6.5. We shall study the differential of the exponential map in
connection with Jacobi fields, in Chapter IX, §2.

Next we describe all geodesics.

Proposition 4.2. The images of straight segments through the origin in

Ty, under the exponential map exp,, are geodesics. In other words, if
ve T, and we let

a(v, t) = a,(t) = exp, (),

then o, is a geodesic. Conversely, let o: J — X be a C? geodesic defined
on an interval J containing 0, and such that a(0) = x. Let o'(0) = v.
Then oft) = exp,(tv).

Proof. The first statement by definition means that «, is an integral
curve of the spray F. Indeed, by the SPR conditions, we know that

(v, £) = o(t) = 7By, (1) = nB,(1),

and (nB,)’ = B, is indeed an integral curve of the spray. Thus our as-

{IV, §4] THE FLOW OF A SPRAY AND THE EXPONENTIAL MAP 109

sertion that the curves 7+ exp(fv) are geodesics is obvious from the
definition of the exponential map and the SPR conditions.

Conversely, given a geodesic a: J — X, by definition o satisfies the
differential equation

o"(f) = F(/(2)).

The two curves 7+ a(f) and ¢+ exp,(fv) satisfy the same differential
equation and have the same initial conditions, so the two curves are
equal. This proves the second statement and concludes the proof of the
proposition.

Remark. From the theorem, we note that a C! curve in X is a geodesic
if and only if, after a linear reparametrization of its interval of definition,
it is simply ¢+ exp,(fv) for some x and some v.

We call the map (v, 7) — afv, 7) the geodesic flow on X. It is defined on
an open subset of 7X x R, with a(v, 0) = x if ve T,X. Note that since
n(sB,(1)) = nB,(r) for seR, we obtain from SPR 2 the property

a(sv, 1) = a{v, st)

for the geodesic flow. Precisely, ¢ is in the domain of «, if and only if st is
in the domain of o,, and in that case the formula holds. As a slightly
more precise version of Theorem 4.1 in this light, we obtain:

Corollary 4.3. Let F be a spray on X, and let xo € X. There exists an
open neighborhood U of xp, and an open neighborhood V of Oy, in TX
satisfying the following condition. For every xe€ U and ve V n Ty X,
there exists a unique geodesic

o (-2,2)—= X
such that
w(0)=x and  &(0)=0.

Observe that in a chart, we may pick V as a product
V=UxV30)cUxE

where V,(0) is a neighborhood of 0 in E. Then the geodesic flow is
defined on U x ¥5(0) x J, where J = (-2,2). We picked (-2,2) for
concreteness. What we really want is that 0 and 1 lie in the interval. Any
bounded interval J containing 0 and 1 could have been sclected in the
statement of the corollary. Then of course, U and V (or ¥3(0)) depend
on J.
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IV, §5. EXISTENCE OF TUBULAR NEIGHBORHOODS

Let X be a submanifold of a manifold ¥. A tubular neighborhood of X in
Y consists of a vector bundle 7n: E — X over X, an open neighborhood Z
of the zero section {zX in E, and an isomorphism

[+ Z-U

of Z onto an open set in Y containing X, which commutes with ¢:

™\
X — Y
j

We shall call f the tubular map and Z or its image f(Z) the corresponding
tube (in E or Y respectively). The bottom map j is simply the inclusion.
We could obviously assume that it is an embedding and define tubular
neighborhoods for embeddings in the same way. We shall say that our
tubular neighborhood is total if Z = E. In this section, we investigate
conditions under which such neighborhoods exist. We shall consider the
uniqueness problem in the next section.

Theorem 5.1. Let Y be of class CP (p = 3) and admit partitions of unity.
Let X be a closed submanifold. Then there exists a tubular neighborhood
of X in Y, of class CP~2.
Proof. Consider the exact sequence of tangent bundles:
0-T(X)—-T(Y)X > NX)— 0.
We know that this sequence splits, and thus there exists some splitting
T(Y)|X = T(X) ® N(X)
wher.e N(X) may be identified with a subbundle of 7(Y)|X. Following
Palais, we construct a spray £ on 7(Y) using Theorem 3.1 and obtain
the corresponding exponential map. We shall use its restriction to N(X),
denoted by exp|N. Thus
explN: DnN(X) - Y.

We contend that this map is a local isomorphism. To prove this, we may
work locally. Corresponding to the submanifold, we have a product

[IV, §5] EXISTENCE OF TUBULAR NEIGHBORHOODS 111

decomposition U = Uy x U,, with X = U; x 0. If U is open in E, then we
may take U;, U, open in Fy, F, respectively. Then the injection of N(X)
in T(Y)|X may be represented locally by an exact sequence

00— U] ><F2—¢> U, XF] XF2,
and the inclusion of T(Y)|X in T(Y) is simply the inclusion
U1)<F1><F2—>U1 X U2><F1><F2.

We work at the point (x, 0) in U; x F,. We must compute the derivative
of the composite map

Uy xF, 2> Uyx Uy xFixF, 25 Y

at (x;, 0). We can do this by the formula for the partial derivatives. Since
the exponential map coincides with the projection on the zero cross
section, its “horizontal” partial derivative is the identity. By Theorem 4.1
we know that its “vertical” derivative is also the identity. Let

Y = (exp)op

(where @ is simply ¢ followed by the inclusion). Then for any vector
(w1, wp) in F; x F, we get

Dl/l(Xl, 0) : (Wl, W2) = (W], 0) + @y, (WZ),

where g, is the linear map given by ¢ on the fiber over x;. By hypothesis,
we know that F; x F; is the direct sum of F; x 0 and of the image of ¢,, .
This proves that Dy(xi, 0) is a toplinear isomorphism, and in fact proves
that the exponential map restricted to a normal bundle is a local iso-
morphism on the zero cross section.

We have thus shown that there exists a vector bundle £ — X, an open
neighborhood Z of the zero section in E, and a mapping f: Z— Y
which, for each x in {g, is a local isomorphism at x. We must show that
Z can be shrunk so that f restricts to an isomorphism. To do this we
follow Godement ([God 58], p. 150). We can find a locally finite open
covering of X by open sets U; in Y such that, for each i we have inverse
isomorphisms

f;~: Z,'—> U; and gi: (],—)Z,
between U; and open sets Z; in Z, such that each Z; contains a point x of

X, such that f;, g; are the identity on X (viewed as a subset of both Z and
Y) and such that f; is the restriction of f to Z;, We now find a locally
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finite covering {¥;} of X by open sets of ¥ such that ¥; c U;, and let
V ={JVi. We let W be the subset of elements y € ¥ such that, if y lies in
an intersection ¥; n ¥}, then gi(y) = gj(y). Then W certainly contains X.
We contend that W contains an open subset containing X.

Let x € X. There exists an open neighborhood G, of x in Y which

meets only a finite number of V, say V,,,...,V,. Taking Gy small enough,
we can assume that x lies in each one of these, and that G, is contained in
each one of the sets Uy,...,U,. Since x lies in each ¥,...,¥;, it is
contained in Uy, ..., U, and our maps gj,,...,g; take the same value at x,
namely x itself. Using the fact that f, ,..., f; are restrictions of f, we see
at once that our finite number of maps g;,, ..., g; must agree on Gy if we

take G, small enough.
Let G be the union of the Gx. Then G is open, and we can define a map

g: G-9(G)=Z

by taking g equal to g; on Gn¥V;. Then g(G) is open in Z, and the
restriction of f to g(G) is an inverse for g. This proves that f, g are inverse
isomorphisms on G and g(G), and concludes the proof of the theorem.

A vector bundle E — X will be said to be compressible if, given an
open neighborhood Z of the zero section, there exists an isomorphism

o: E— 2,

of E with an open subset Z; of Z containing the zero section, which
commutes with the projection on X:

It is clear that if a bundle is compressible, and if we have a tubular
neighborhood defined on Z, then we can get a total tubular neighborhood
defined on E. We shall see in the chapter on Riemannian metrics that
certain types of vector bundles are compressible (Hilbert bundles, assuming
that the base manifold admits partitions of unity).

IV, §6. UNIQUENESS OF TUBULAR NEIGHBORHOODS

Let X, Y be two manifolds, and F: R x X — Y a morphism. We shall
say that F is an isotopy (of embeddings) if it satisfies. the following
conditions. First, for each ¢ € R, the map F, given by Fy(x) = F(¢, x) is an
embedding. Second, there exist numbers # < #; such that F, = F, for all
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t<tpand F,, = F, for all t > ;. We then say that the interval [fy, 1] is a
proper domain for the isotopy, and the constant embeddings on the left
and right will also be denoted by F_,, and F,., respectively. We say that
two embeddings f: X — Y and g: X — Y are isotopic if there exists an
isotopy F; as above such that f = F;, and g = F,, (notation as above). We
write f =~ g for f isotopic to g.

Using translations of intervals, and multiplication by scalars, we can
always transform an isotopy to a new one whose proper domain is
contained in the interval (0,1). Furthermore, the relation of isotopy
between embeddings is an equivalence relation. It is obviously symmetric
and reflexive, and for transitivity, suppose f g and g~ h We can
choose the ranges of these isotopies so that the first one ends and stays
constant at g before the second starts moving. Thus it is clear how to
compose isotopies in this case.

If sp < 51 are two numbers, and o: R — R is a function (morphism)
such that o(s) = # for s < s and o(s) = #; for s 2 5, and o is monotone
increasing, then from a given isotopy F; we obtain another one,
G, = F,(;). Such a function o can be used to smooth out a piece of isotopy
given only on a closed interval.

Remark. We shall frequently use the following trivial fact: If
Ji: X — Y is an isotopy, and if g: X3 — X and h: Y — Y7 are two
embeddings, then the composite map

hf,g: X1 — 1
is also an isotopy.

Let Y be a manifold and X a submanifold. Let n: E — X be a vector
bundle, and Z an open neighborhood of the zero section. An isotopy
fi: Z - 'Y of open embeddings such that each f, is a tubular neigh-
borhood of X will be called an isotopy of tubular neighborhoods. In what
follows, the domain will usualty be all of E.

Proposition 6.1. Let X be a manifold. Let n: E— X and my: Ey - X
be two vector bundles over X. Let

f: E—FE

be a tubular neighborhood of X in E, (identifying X with its zero section
in Ey). Then there exists an isotopy

fi: E— E;

with proper domain [0, 1} such that f| = f and f; is a VB-isomorphism.
(If f, =, m are of class CP then f; can be chosen of class CP~1.)
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Proof. We define F by the formula

Fi(e) ="' f(te)

for t1#0 and e€E. Then F, is an embedding since it is composed
of embeddings (the scalar multiplications by ¢, r! are in fact VB-
isomorphism).

We must investigate what happens at ¢ = 0.

Given e€ E, we find an open neighborhood U; of me over which
E, admits a trivialization U; x E;. We then find a still smaller open
neighborhood U of 7e and an open ball B around 0 in the typical fiber E
of E such that E admits a trivialization U x E over U, and such that the
representation f of f on U x B (contained in U x E) maps U x B into
U x E;. This is possible by continuity. On U x B we can represent f by
two morphisms,

f_(xv U) = (?(x: 0)7 '//(x’ U))
and ¢(x, 0) = x while ¥(x, 0) = 0. Observe that for all ¢ sufficiently small,

te is contained in U x B (in the local representation).
We can represent F; locally on U x B as the mapping

Ft(xv U) = (¢(X, tv)1 t_ld/(xv tl))).

The map ¢ is then a morphism in the three variables x, v, and ¢ even at
t=0. The second component of F, can be written

1
tly(x, ) = t‘ll Da(x, stv) - (tv) ds
0

and thus ! cancels 7 to yield simply

1
J Doy (x, stv) - v ds.
0

This is a morphism in #, even at ¢ = 0. Furthermore, for ¢ = 0, we obtain
FO(x7 U) = (x; D2|l/(x’ O)U)

Since f was originally assumed to be an embedding, it follows that
Dy)(x,0) is a toplinear isomorphism, and therefore Fy, is a VB-
isomorphism. To get our isotopy in standard form, we can use a function
o: R— R such that o(t) =0 for t<0 and o(t) =1 for t 2 1, and ¢ is
monotone increasing. This proves our proposition.
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Theorem 6.2. Let X be a submanifold of Y. Let
n: E—- X and m: Fi— X

be two vector bundles, and assume that E is compressible. Let
f: E—Y and g: Ey — Y be two tubular neighborhoods of X in Y.
Then there exists a CP~'-isotopy

fit E=Y

of tubular neighborhoods with proper domain [0, 1] and a VB-isomorphism
A: E — Ey such that fi = f and f,=gA.

Proof. We observe that f(E) and g(E;) are open neighborhoods qf X
in Y. Let U= f"" (f(E)ng(Ey)) and let p: E— U be a compression.
Let ¢ be the composite map

ESu8y

¥ = (f]U) op. Then y is a tubular neighborhood, and ¥/(E) is contained
in g(E,). Therefore g~'y: E — Ej is a tubular neighborhood of the same
type considered in the previous proposition. There exists an isotopy of
tubular neighborhoods of X:

G:: E— Ey

such that Gy =g~ 'y and G, is a VB-isomorphism. Considering the
isotopy ¢G;, we find an isotopy of tubular neighborhoods

U, E—-Y

such that ¢, =y and , = go where w: E — E; is a VB-isomorphism.
We have thus shown that y and gw are isotopic (by an isotopy of tubular
neighborhoods). Similarly, we see that y and fu are isotopic for some
VB-isomorphism

u: E— E.

Consequently, adjusting the proper domains of our isotopies suitably, we
get an isotopy of tubular neighborhoods going from gw to fu, say F;.
Then F,u~! will give us the desired isotopy from gop~" to f, and we can
put 2 = wu ! to conclude the proof.

(By the way, the uniqueness proof did not use the existence theorem for
differential equations.)



CHAPTER V

Operations on Vector Fields
and Differential Forms

If E—~ X is a vector bundle, then it is of considerable interest to
investigate the special operation derived from the functor “multilinear
alternating forms.” Applying it to the tangent bundle, we call the sections
of our new bundle differential forms. One can define formally certain
relations between functions, vector fields, and differential forms which lie
at the foundations of differential and Riemannian geometry. We shall give
the basic system surrounding such forms. In order to have at least one
application, we discuss the fundamental 2-form, and in the next chapter
connect it with Riemannian metrics in order to construct canonically the
spray associated with such a metric.

We assume throughout that our manifolds are Hausdorff, and suffi-
ciently differentiable so that all of our statements make sense.

V, §1. VECTOR FIELDS, DIFFERENTIAL OPERATORS,
BRACKETS

Let X be a manifold of class C? and ¢ a function defined on an open set
U, that is a morphism
o: U->R

Let £ be a vector field of class CP~!. Recall that
Typ: To(U) — Tx(R) =R

is a continuous linear map. With it, we shall define a new function to be
denoted by &p or &-¢, or &(p). (There will be no confusion with this
notation and composition of mappings.)

116
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Proposition 1.1. There exists a unique function &g on U of class crl
such that

(o) (x) = (Txp)&(x).

If U is open in the Banach space E and & denotes the local representation
of the vector field on U, then

(o) (x) = ¢'(x)¢(%)-

Proof. The first formula certainly defines a mapping of U into R. The
local formula defines a CP~!-morphism on U. It follows at once from
the definitions that the first formula expresses invariantly in terms of the
tangent bundle the same mapping as the second. Thus it allows us to
define &p as a morphism globally, as desired.

Let Fu? denote the ring of functions (of class CP). Then our operation
¢ — Ep gives rise to a linear map

9z FuP(U) —» FuP }(U), defined by 8¢ = o

A mapping 3. R §

from a ring R into an R-algebra S is called a derivation if it satisfies the
usual formalism: Linearity, and 8(ab) = ad(b) + &(a)b.

Proposition 1.2. Let X be a manifold and U open in X. Let & be a
vector field over X. If 8z =0, then &(x) =0 for all x€ U. Each & is a
derivation of Fu?(U) into Fu?~'(U).

Proof. Suppose &(x) # 0 for some x. We work with the local rep-
resentations, and take ¢ to be a continuous linear map of E into R such
that g(&(x)) # 0, by Hahn—Banach. Then ¢'(y) = ¢ for all ye U, and we
see that ¢(x)é(x) #0, thus proving the first assertion. The second is
obvious from the local formula.

From Proposition 1.2 we deduce that if two vector fields induce the
same differential operator on the functions, then they are equal.

Given two vector fields £, # on X, we shall now define a new vector
field [£, 7], called their bracket product.

Proposition 1.3. Let &, y be two vector fields of class CP~! on X. Then
there exists a unique vector field [£, 1] of class CP~2 such that for each
open set U and function ¢ on U we have

[€, nle = E(n(9)) — n(&(9)).
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If Uis open in E and &, n are the local representations of the vector
fields, then [£, n) is given by the local formula

[, nlo(x) = o’ () (' (x)E(x) — &' (x)n(x)).

Thus the local representation of (&, 1] is given by

&, nl(x) = 7" (x)&(x) — &' (x)n(x).

Proof. By Proposition 1.2, any vector field having the desired effect on
functions is uniquely determined. We check that the local formula gives us
this effect locally. Differentiating formally, we have (using the law for the
derivative of a product):

(o) & — (Ep)'n = (¢'n) ¢ — (9"
- ¢I’I/é + ¢”’I€ - wl{lﬂ _ ¢”f}].

The terms involving ¢” must be understood correctly. For instance, the
first such term at a point x is simply ¢”(x)(y(x),£(x)) remembering that
¢"(x) is a bilinear map, and can thus be evaluated at the two vectors (x)
and ¢(x). However, we know that ¢”(x) is symmetric. Hence the two
terms involving the second derivative of ¢ cancel, and give us our formula.

Corollary 1.4. The bracket [€, ] is bilinear in both arguments, we have
[&, n] = —[n, €], and Jacobi’s identity

& [n, C1) = [& ), ¢] + [, 1&, C]]-

In other words, for each & the map n v [£, y] is a derivation with respect
to the Lie product (y, () — [n, {].
If ¢ is a function, then

& onl = o +olC,nl, and  [9&, 1] = gl&, 5] — (np)E.

Proof. The first two assertions are obvious. The third comes from the
definition of the bracket. We apply the vector field on the left of the
equality to a function ¢. All the terms cancel out (the reader will write
it out as well or better than the author). The last two formulas are
immediate.

We make some comments concerning the functoriality of vector fields.
Let
f: X->Y

be an isomorphism. Let & be a vector field over X. Then we obtain an
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induced vector field f,& over Y, defined by the formula

(LO(f (%)) = TS (&()-
It is the vector field making the following diagram commutative:

TX —»ﬂ TY

) ]

X — Y
J

We shall also write f* for (f~!), when applied to a vector field. Thus we
have the formulas

fl=Tfokof! and [E=Tf 'okof.

If f is not an isomorphism, then one cannot in general define the direct
or inverse image of a vector field as done above. However, let { be a
vector field over X, and let # be a vector field over Y. If for each x e X
we have

TS (¢(x) = n(f()),

then we shall say that f maps £ into #, or that £ and # are f-relateq. If this
is the case, then we may denote by f,£ the map from f(X) into TY
defined by the above formula.

Let &, &, be vector fields over X, and let n, n, be vector fields over Y. If
& is f-related to n; for i=1, 2 then as maps on f(X) we have

L& & = [m, na)-

We may write suggestively the formula in the form

L1, &) = [£.4, L8]

Of course, this is meaningless in general, since f,£; may not be a vector
field on Y. When fis an isomorphism, then it is a correct formulation of
the other formula. In any case, it suggests the correct formula.

To prove the formula, we work with the local representations, when
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X=UisopeninE, and Y = V is open in F. Then &, #; are maps of U,
V into the spaces E, F respectively. For x € X we have

(filen, LD(x) = f'(0) (G (0)E1 (%) — & (x)&2(x)).

On the other hand, by assumption, we have

’Ii(f(x)) = f'(x)&(x),
so that
s mal (f (%)) = 3 (£ (f (2)) — 73 (£ ()2 (£ (%))
= (SO S ()(x) =71 (f (%)) [ (%) E2(x)
= (20 1) (¥)&1(x) = (m © ) (x)&;(x)
= f"(x) - &(x) - &i(x) + £ ()& (x)& (x)
= f1(x) - &i(x) - &%) — ()& (K)E(x).

Since f”(x) is symmetric, two terms cancel, and the remaining two terms
give the same value as (f,[&), &])(x), as was to be shown.

The bracket between vector fields gives an infinitesimal criterion for
commutativity in various contexts. We give here one theorem of a general
nature as an example of this phenomenon.

Theorem 1.5. Let &, n be vector fields on X, and assume that [&, n] = 0.

Let o and f be the flows for & and n respectively. Then for real values t,
s we have

o, 0f, =P 00
Or in other words, for any x € X we have
(Z(t, ﬂ(s’ x)) i B(s’ a(ta x))7
in the sense that if for some value of t a value of s is in the domain of one
of these expressions, then it is in the domain of the other and the two
expressions are equal.
Proof. For a fixed value of ¢, the two curves in s given by the right-

and left-hand side of the last formula have the same initial condition,
namely o,(x). The curve on the right

s B(s, a(t, x))
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is by definition the integral curve of . The curve on the left

s > a(t, B(s, %))

is the image under o, of the integral curve for # having initial condition x.
Since x is fixed, let us denote (s, x) simply by f(s). What we must show
is that the two curves on the right and on the left satisfy the same
differential equation.

B(s, oft, z))

Ble)

a(t, x)

x

In the above figure, we see that the flow &, shoves the curve on the left to
the curve on the right. We must compute the tangent vectors to the curve
on the right. We have

%(a,( B(s))) = Da(t, B(s))B'(S)
= Daa(t, B(s))n(B(s))-
Now fix 5, and denote this last expression by F(#). We must show that if
G(z) = n(a(t, B(5))),

F(f) = G(2).

then

We have trivially F(0) = G(0), in other words the curves F and G have the
same initial condition. On the other hand,

F'(2) = &' (a(t, B(s))) D2o(t, B(s))n(B(s))
and
G'(t) = ' (a2, B(s)))&(a(t, B()))
= &' (a(t, B(s)))n(x(t, B(s))) (because [£, 7] = 0).

Hence we see that our two curves F and G satisfy the same differential
equation, whence they are equal. This proves our theorem.
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Vector fields &, # such that [£, #] =0 are said to commute. One can
generalize the process of straightening out vector fields to a finite number
of commuting vector fields, using the same method of proof, using
Theorem 1.5. As another application, one can prove that if the Lie
algebra of a connected Lie group is commutative, then the group is
commutative. Cf. the section on Lie groups.

V, §2. LIE DERIVATIVE

Let A be a differentiable functor on Banach spaces. For convenience, take
A to be covariant and in one variable. What we shall say in the rest of this
section would hold in the same way (with slightly more involved notation)
if 1 bhad several variables and were covariant in some and contravariant in
others.

Given a manifold X, we can take A(T(X)). It is a vector bundle over
X, which we denote by T;(X) as in Chapter III. Its sections I';(X) are the
tensor fields of type A.

Let ¢ be a vector field on X, and U open in X. It is then possible to
associate with £ a map

ZLe: T(U) — Ty(U)

(with a loss of two derivatives). This is done as follows.

Given a point x of U and a local flow o for & at x, we have for each ¢
sufficiently small a local isomorphism &, in a neighborhood of our point
x. Recall that locally, a;! = a_,. If # is a tensor field of type 4, then the
composite mapping 7 o o, has its range in T;(X). Finally, we can take the
tangent map 7T'(a—;) = (a—,), to return to 7;3(X) in the fiber above x. We
thus obtain a composite map

CF(t, %) = (asr), 010 2(x) = (a}m) (),

which is a morphism, locally at x. We take its derivative with respect to ¢
and evaluate it at 0. After looking at the situation locally in a triviali-
zation of T(X) and T)(X) at x, one sees that the map one obtains gives a
section of T,(U), that is a tensor field of type A over U. This is our map
Ze. To summarize,

d
Fn=g| @donon

This map % is called the Lie derivative. We shall determine- the Lie
derivative on functions and on vector fields in terms of notions already
discussed.
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First let ¢ be a function. Then by the general definition, the Lie
derivative of this function with respect to the vector field & with flow o is
defined to be

Zep(x) =lim < [p(a(s, 1) - p(x)],

or in other words,

d. .
Lep = E(“t ) .

Qur assertion is then that

Zep = Eop.

To prove this, let
F(t) = g(a(t, x)).-
Then
F'(t) = ¢’ (a(t, x)) D1a(t, x)
= ¢’ ((t, x))&(x(t, X)),
because a is a flow for &. Using the initial condition at ¢z = 0, we find that
F'(0) = ¢'(x)¢(x),

which is precisely the value of &p at x, thus proving our assertion.

If &, n are vector fields, then

Zen =&, n).

As before, let o be a flow for £. The Lie derivative is given by

d, .
Len = E(“t n) t=0-

Letting £ and » denote the local representations of the vector fields, we
note that the local representation of (o;#n)(x) is given by

(a7n)(x) = F(2) = Dao(—t, x)n(a(t, x))-
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We must therefore compute F’(¢), and then F'(0). Using the chain rule,
the formula for the derivative of a product, and the differential equation
satisfied by D,a, we obtain

F'(t) = —=D1Dao(—t, x)n{a(t, x)) + Daa(—t, x)i’ (a(t, x)) Dy(2, x)
= —&'(a(—t, x)) Dy —t, x)n(a(t, x)) + Dyo(—t, x)y’ (a(t, x)).

Putting ¢ = 0 proves our formula, taking into account the initial conditions

20, x)=x and  Du(0, x) =id.

V, §3. EXTERIOR DERIVATIVE

Let X be a manifold. The functor L] (r-multilinear continuous alternating
forms) extends to arbitrary vector bundles, and in particular, to the
tangent bundle of X. A differential form of degree r, or simply an r-form
on X, is a section of L}(T(X)), that is a tensor field of type L. If X is
of class C?, forms will be assumed to be of a suitable class C* with
1 <5< p—1. The set of differential forms of degree r will be denoted by
A7(X) (o for alternating). It is not only a vector space over R but a
module over the ring of functions on X (of the appropriate order of
differentiability). If w is an r-form, then w(x) is an element of L (7%(X)),
and is thus an r-multilinear alternating form of 7,(X) into R. We
sometimes denote w(x) by wy.

Suppose U is open in the Banach space E. Then L;( T(U )) is equal to
U x L/(E) and a differential form is entirely described by the projection
on the second factor, which we call its local representation, following our

general system (Chapter III, §4). Such a local representation is therefore a

morphism
w: U — L(E).
Let w be in L/(E) and vy,...,v, elements of E. We denote the value
w(vy,...,v,) also by
(@, 11 X --- X 1,).
Similarly, let &;,...,¢&, be vector fields on an open set U, and let @ be an
r-form on X. We denote by

(@, & x -+ x &)

the mapping from U into R whose value at a point x in U is

(0(x), &1(x) X - - x &(x))-
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Looking at the situation locally on an open set U such that 7(U) is trivial,
we see at once that this mapping is a morphism (i.e. a function on U) of
the same degree of differentiability as w and the &,

Proposition 3.1. Let xo be a point of X and w an r-form on X. If

(@, & x -+ x &)(xo)

is equal to O for all vector fields &,,...,&, at xy (i.e. defined on some
neighborhood of xp), then w(xp) = 0.

Proof. Considering things locally in terms of their local representations,
we see that if w(xp) is not 0, then it does not vanish at some r-tuple of
vectors (v1,...,0,). We can take vector fields at xo which take on these
values at xp and from this our assertion is obvious.

It is convenient to agree that a differential form of degree 0 is a
function. In the next proposition, we describe the exterior derivative of an
r-form, and it is convenient to describe this situation separately in the case
of functions.

Therefore let f: X — R be a function. For each x € X, the tangent
map

Txfi Tx(X) — Tf(x)(R) =R

is a continuous linear map, and looking at local representations shows
at once that the collection of such maps defines a 1-form which will be
denoted by df. Furthermore, from the definition of the operation of vector
fields on functions, it is clear that df is the unique 1-form such that for
every vector field & we have

To extend the definition of d to forms of higher degree, we recall that if
w: U— L(E)
is the local representation of an r-form over an open set U of E, then for
each x in U,
o'(x): E — LI(E)

is a continuous linear map. Applied to a vector v in E, it therefore gives
rise to an r-form on E.

Proposition 3.2. Let w be an r-form of class CP~! on X. Then there
exists a unique (r+ 1)-form dw on X of class CP~2 such that, for any
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open set U of X and vector fields &,...,& on U we have
(do, & x -4 &)

=i(—l)if,-(w, §o x--- X & x oo X &)

i=0
+ 3 (1w, [ Gl x Gox e x Eix - x G xe x &)
i<j
If furthermore U is open in E and w, &, ...,&, are the local repre-

sentations of the form and the vector fields respectively, then at a point x
the value of the expression above is equal to

S ) (W), o) X - X &) X -+ X &),

i=0

Proof. As before, we observe that the local formula defines a differ-
ential form. If we can prove that it gives the same thing as the first
formulas, which is expressed invariantly, then we can globalize it, and we
are done. Let us denote by S; and S, the two sums occurring in the
invariant expression, and let L be the local expression. We must show that
S; + S, = L. We consider S}, and apply the definition of ; operating on
a function locally, as in Proposition 1.1, at a point x. We obtain

S1 = i(—l)i(w, Eo X +o X & X - X &) (X)&E(x).
i=0

The derivative is perhaps best computed by going back to the definition.
Applying this definition directly, and discarding second order terms, we
find that S; is equal to

3 (1)@ (&), Eolx) X -+ x &ilx) X -+ x &(x))
+3° Y () (), Eo(x) x-+ - xEX)EX) x---xG(x) - - x & ()

T i<j
+ Z Z(w(x), Eo(x) x -+ x fj(-;) X o+e X f;(x)fi(x) X - % &(x)).
TJ<i

Of these there sums, the first one is the local formula L. As for the
other two, permuting j and i in the first, and moving the term fj’ (x)&i(x) to
the first position, we see that they combine to give (symbolically)

_Z Z(—I)Hj(ah (qfi—f,{fj) x Egx o X Ex e x Ej X -+ x &)

i i<j
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(evaluated at x). Using Proposition 1.3, we see that this combination is
equal to —S,. This proves that S; + S; = L, as desired.

We call do the exterior derivative of w. Leaving out the order of
differentiability for simplicity, we see that d is an R-linear map

d: r(X) — SL™HX).

We now look into the multiplicative properties of d with respect to the
wedge product.

Let w, ¥ be continuous multilinear alternating forms of degree r and s
respectively on the Banach space E. In multilinear algebra, one defines
their wedge product as an (r + s)-continuous multilinear alternating form,
by the formula

1
(60 A 'p)(vlv QU vr+s) - r|_s|z 6(0’)60(001, KRR vm‘)'p(vﬂ(’-f-l)v R Ua(r+s))

the sum being taken over all permutations ¢ of (1,...,r+s). This
definition extends at once to differential forms on a manifold, if we view it
as giving the value for w A Y at a point x. The v; are then elements of the
tangent space Ty, and considering the local representations shows at once
that the wedge product so defined gives a morphism of the manifold X
into L**(7T(X)), and is therefore a differential form.

Remark. The coefficient 1/#!s! is not universally taken to define the
wedge product. Some people, e.g. [He 78] and [KoN 63], take 1/(r+s)!,
which causes constants to appear later. I have taken the same factor as
[AbM 78] and [GHL 87/93]. I recommend that the reader check out the
case with r=s=1 so r+s=2 to see how a factor  comes in. With
either convention, the wedge product between forms is associative, so
with some care, one can carry out a consistent theory with either conven-
tion. I leave the proof of associativity to the reader. It follows by induc-
tion that if w,...,w, are forms of degrees ri,...,r, respectively, and
r=r+---+r,, then

1
(w1 Ao A co,,,)(vl, ... ,U,) s ng:f(a)gm
where

Q, = (val, -+ Ugny )w2(vo(r|+1)7 ceey va(r1+r2)) cee cUm(va(r—r,,,+1)7 <=2 Var),

and where the sum is taken over all permutations of (1,...,r).
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If we regard functions on X as differential forms of degree 0, then the
ordinary product of a function by a differential form can be viewed as the
wedge product. Thus if f is a function and w a differential form, then

fo=fro.

(The form on the left has the value f(x)ew(x) at x.)
The next proposition gives us more formulas concerning differential
forms.

Proposition 3.3. Let w, y be differential forms on X. Then

EXD 1. d(w A Y) =dw A ¥+ (-1)2FD 0 A dy.
EXD 2. ddw =0 (with enough differentiability, say p Z 4).

Proof. This is a simple formal exercise in the use of the local formula
for the local representation of the exterior derivative. We leave it to the
reader.

When the manifold is finite dimensional, then one can give a local
representation for differential forms and the exterior derivative in terms of
local coordinates, which are especially useful in integration which fits the
notation better. We shall therefore carry out this local formulation in full.
It dates back to Cartan [Ca 28]. There is in addition a theoretical point
which needs clarifying. We shall use at first the wedge /\ in two senses.
One sense is defined as above, giving rise to Proposition 3.3. Another
sense will come from Theorem A. We shall comment on their relation
after Theorem B.

We recall first two simple results from linear (or rather multilinear)
algebra. We use the notation E) =E xE x --- x E, r times.

Theorem A. Let E be a finite dimensional vector space over the reals of
dimension n. For each positive integer r with 1 S r < n there exists a
vector space /\'E and a multilinear alternating map

EO - N'E

denoted by (u1,...,u,) — w1 A --- A, having the following property:
If {v1,...,vn} is a basis of E, then the elements

{vy A -+ A}, h<ip<-o- <y,
form a basis of /\'E.

We recall that alternatmg means that uy A --- A4 =0 if ;= for
some i # j. We call /\ E the r-th alternating product (or exterior product)
on E. If r=0, we define /\ E=R. Elements of /\"E which can be
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written in the form uy A --- A u, are called decomposable. Such elements
generate \"E. If r > dim E, we define \"E = {0}.

Theorem B, For each pair of positive integers (r, s), there exists a unigue
product (bilinear map)

/\rEx/\SE__)AI'—FSE
such that if wy,...,ur, wi,...,ws€E then
A A X (WA - AW ULA - Ally AWILA -+ A Wy
This product is associative.

The proofs for these two statements can be found, for instance, in my
Linear Algebra.

Let EV be the dual space, EY = L(E,R). f E=R" and 4,,...,4, are
the coordinate functions, then each 4; is an element of the dual space, and
in fact {4,...,4,} is a basis of this dual space. Let E=R". There is an
isomorphism

N'EY S LI(E, R)

given in the following manner. If gy,...,4,€EY and vy,...,v, € E, then
the value

det(g;(v;))
is multilinear alternating both as a function of (gi,.-.,g,) and (v1,..., 7).

Thus it induces a pairing

NEY xE" =R
and a map
N EY — LI(E, R).

This map is the isomorphism mentioned above. Using bases, it is easy to
verify that it is an isomorphism (at the level of elementary algebra).
Thus in the finite dimensional case, we may identify L’(E R) with the
alternating product /\ EY, and consequently we may view the local
representation of a differential form of degree r to be a map

w: U—- N\'EY

from U into the rth alternating product of E¥. We say that the form is of
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class C? if the map is of class C?. (We view /\'E" as a normed vector
space, using any norm. It does not matter which, since all norms on a
finite dimensional vector space are equivalent.) The wedge product as we
gave it, valid in the infinite dimensional case, is compatible with the wedge
product and the isomorphism of /\"E with L!(E, R) given above. If we
had taken a different convention for the wedge product of alternating
forms, then a constant would have appeared in front of the above
determinant to establish the above identification (e.g. the constant % in the
2 x 2 case).

Since {A1,...,4n} is a basis of EY, we can express each differential
form in terms of its coordinate functions with respect to the basis

{Ail A o A Ai,-}) (il < v <ir)’

namely for each x e U we have

o) =Y froi W A A K
U]

where fi; = f,..;, is a function on U. Each such function has the same
order of differentiability as w. We call the preceding expression the
standard form of «w. We say that a form is decomposable if it can be
written as just one term f(x)4; A --- A A,. Every differential form is a
sum of decomposable ones.

We agree to the convention that functions are differential forms of
degree 0.

As before, the differential forms on U of given degree r form a vector
space, denoted by &/"(U).

Let E=R". Let f be a function on U. For each x € U the derivative

f'(x): R”" >R
is a linear map, and thus an element of the dual space. Thus
f': U->EY
represents a differential form of degree 1, which is usually denoted by df.
If f is of class C?, then df is class CP~L.
Let 4; be the i-th coordinate function. Then we know that
d}.i(.X) = ).,'(x) = Ai

for each xe U because A'(x) =1 for any continuous linear map A.
Whenever {x),...,x,} are used systematically for the coordinates. of a
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point in R”, it is customary in the literature to use the notation
dli(x) = dx;.

This is slightly incorrect, but is useful in formal computations. We shall
also use it in this book on occasions. Similarly, we also write (incorrectly)

w=Zf(,-) dxy A --- Adx;
®

instead of the correct

o(x) = z:fm(x)}.,-l Ao Al
U]

In terms of coordinates, the map df (or f’) is given by
df(x) = f'(x) = D1 f (x)A1 + - - + Dy f(X)An,

where D;f(x) = df/0x; is the i-th partial derivative. This is simply a
restatement of the fact that if h = (hy,...,h,) is a vector, then

ey Of of
f(x)h= ax1 h+--- +a—xnhn-
Thus in old notation, we have
_of of
df (x) = an dx +--- +_6x,, dx,.

We shall develop the theory of the alternating product and the exterior
derivative directly without assuming Propositions 3.2 or 3.3 in the finite
dimensional case.

Let w and ¢ be forms of degrees r and s respectively, on the open set
U. For each x e U we can then take the alternating product w(x) A ¥(x)
and we define the alternating product w A ¥ by

(@ A ¥)(x) = o(x) A Y(x).

(It is an exercise to verify that this product corresponds to the product
defined previously before Proposition 3.3 under the isomorphism between
L;(E, R) and the r-th alternating product in the finite dimensional case.)
If f is a differential form of degree 0, that is a function, then we have
again

fro=fo,
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where (fw)(x) = f(x)w(x). By definition, we then have
oA fYy=fony.

We shall now define the exterior derivative dw for any differential form
. We have already done it for functions. We shall do it in general first
in terms of coordinates, and then show that there is a characterization
independent of these coordinates. If

0= fodhn - Adh,
@
we define
do=> dfy ndlyn --- Adk,.
0

Example. Suppose n =2 and w is a 1-form, given in terms of the two
coordinates (x, y) by

olx, y) = f(x, y) dx+ g(x, y) dy.
Then

do(x, y) = df (x, y) n dx+dg(x, y) A dy

(Y s & 4,0
= (6x dx+6y dy) Adx+ (6x dx+6y dy) Ady

_Y og

=% dy/\dx+ax dx A dy
_(¥ _9

= (6y 6x) dy A dx

because the terms involving dx A dx and dy A dy are equal to 0.
Proposition 3.4. The map d is linear, and satisfies
dory)=dony+(-1)oAdy

if r = deg w. The map d is uniquely determined by these properties, and
by the fact that for a function f, we have df = f.

Proof. The linearity of d is obvious. Hence it suffices to prove the
formula for decomposable forms. We note that for any function f we have

d(fw)=df ro+ fdo.

Indeed, if w is a function g, then from the derivative of a product we get
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dfg)=fdg+gdf. If
w=gdin - Adl,

where g is a function, then

d(fw)y=d(fgdiyn --- Adl)=d(fg) ndIy A --- AdD;
=(fdg+gdf) ndiyn --- Adi,
=fdo+df Ao,

as desired. Now suppose that

o= fdizn - Andl and V=gdljyn - Andl
=f(b’ =g'l;,

with i} < --- < i, and j) < --- < ji as usual. If some i, = j,, then from the
definitions we see that the expressions on both sides of the equality in the
theorem are equal to 0. Hence we may assume that the sets of indices
iy...,ip and ji, . ..,js have no element in common. Then d(@ A ¥) = 0 by
definition, and

dwry)=d(fgd n¥)=d(fg) n® AT
=(@df+fdg) nDAY
=dory+fdgndny
=do AY+(-1)fo ndg A
=dorny+(-1)w A dy,

thus proving the desired formula, in the present case. (We used the fact
that dg A @ = (~1)"® A dg whose proof is left to the reader.) The
formula in the general case follows because any differential form can be
expressed as a sum of forms of the type just considered, and one can then
use the bilinearity of the product. Finally, d is uniquely determined by the
formula, and its effect on functions, because any differential form is a sum
of forms of type f di;n --- A d}; and the formula gives an expression of
d in terms of its effect on forms of lower degree. By induction, if the value
of d on functions is known, its value can then be determined on forms of
degree 21. This proves our assertion.

Proposition 3.5. Let @ be a form of class C2. Then ddw = 0.



134 OPERATIONS ON VECTOR FIELDS v, §31

Proof. If fis a function, then

n af
dfx) =Y = d
) = a xj /

and

n n aZf
ddf (x) = 2_1: kZ; P dx;. A dx;.

Using the fact that the partials commute, and the fact that for any two
positive integers r, s we have dx, A dx; = —dxs A dx,, we see that the
preceding double sum is equal to 0. A similar argument shows that the
theorem is true for 1-forms, of type g(x) dx; where g is a function, and
thus for all 1-forms by linearity. We proceed by induction. It suffices to
prove the formula in general for decomposable forms. Let w be decom-
posable of degree r, and write

w=1nAY,

where degy = 1. Using the formula for the derivative of an alternating
product twice, and the fact that ddyy = 0 and ddn = 0 by induction, we see
at once that ddw =0, as was to be shown.

We conclude this section by giving some properties of the pull-back
of forms. As we saw at the end of Chapter III, 84, if f: X > Y is a
morphism and if @ is a differential form on Y, then we get a differential
form f*(w) on X, which is given at a point x € X by the formula

fH(@), = wypx o (Txf),

if @ is of degree r. This holds for r = 1. The corresponding local
representation formula reads

(fro(x), &%) x -+ x &(x)) = {@(f(x), £/ (D) (x) x - % /()& (x))

if &;,...,¢&, are vector fields.

In the case of a O-form, that is a function, its pull-back is simply the
composite function. In other words, if ¢ is a function on Y, viewed as a
form of degree 0, then

fi@)=9of.

It is clear that the pull-back is linear, and satisfies the following properties.
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Property 1. If w, Y are two differential forms on Y, then

IHoay)=f (@) A f*@).
Property 2. If w is a differential form on Y, then
df*(w) = f*(dw).

Property 3. If f: X —» Y and g: Y — Z are two morphisms, and o is
a differential form on Z, then

(g (@)) = (g0 ) (o).
Finally, in the case of forms of degree 0:
Property 4. If f: X — Y is a morphism, and g is a function on Y, then
d(go f) = f*(dg)

and at a point x € X, the value of this 1-form is given by

Tngo Ixf = (dg), o Txf-
The verifications are all easy, and even trivial, except possibly for
Property 2. We shall give the proof of Property 2 in the finite dimensional

case and leave the general case to the reader.
For a form of degree 1, say

o(y) = g() dy,

(f*dw)(x) = (¢'(f(x)) o f'(x)) A dfi(x).
Using the fact that ddf, =0, together with Proposition 3.4 we get

(df*w)(x) = (d(g o 1))(x) A dfi(x),

which is equal to the preceding expression. Any 1-form can be expressed
as a linear combination of form g; dy;, so that our assertion is proved for
forms of degree 1.

The general formula can now be proved by induction. Using the
linearity of f*, we may assume that w is expressed as @ = A  where ,
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7 have lower degree. We apply Proposition 3.3 and Property 1 to

ST do=fY@dy ~n)+(=1)"f*(¥ A dn)

and we see at once that this is equal to df*w, because by induction,
f*ady =df*y and f* dn=df*n. This proves Property 2.

Example 1. Let y;,...,y,, be the coordinates on V, and let x; be the
Jjth coordinate function, j=1,...,m, so that y; = w(y1,..., ym). Let

fr U=V
be the map with coordinate functions

¥; = fi(x) = g0 f(x).
If
o(y) =g(y) dyjy A - A dy,

is a differential form on V, then

[fo=(gof)dfir --- Adf,

Indeed, we have for xe U :
(f*@)(x) = g(fx)) (0 F/()) A -+ A (0 f'(x))
f1x) = (0 ) (x) = gy 0 f'(x) = df(x).

and

Example 2. Let f: [a, b)) » R? be a map from an interval into the
plane, and let x, y be the coordinates of the plane. Let ¢ be the coordinate
in [a, b]. A differential form in the plane can be written in the form

w(x, y) = g(x, y) dx+ h(x, y) dy,
where g, h are functions. Then by definition,
g dy
fro(t) = g(x(1), y(t))— dr + h(x(r), y(t))E dt,

if we write f(¢) = (x(£), ¥(t)). Let G = (g, h) be the vector field whose
components are g and h. Then we can write

[ro(t)=G(f) - f'(2) dr,
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which is essentially the expression which is integrated when defining the
integral of a vector field along a curve.

Example 3. Let U, V be both open sets in n-space, and let f: U — V
be a C? map. If

o(y) =g(y) dyin - Adyy,

where y; = fj(x) is the j-th coordinate of y, then

dy; = Dy fj(x) dx; + - - - + Dy, fi(x) dxy,

oyj oyj
61d 1+ +6 dx,,

and consequently, expanding out the alternating product according to the
usual multilinear and alternating rules, we find that

fro(x) = g(f(x))Ar(x) dxyn -+ A dxy,

where Af is the determinant of the Jacobian matrix of f.

V, §4. THE POINCARE LEMMA

If @ is a differential form on a manifold and is such that dw = 0, then it is
customary to say that « is closed. If there exists a form ¢ such that
o = dy, then one says that @ is exact. We shall now prove that locally,
every closed form is exact.
Theorem 4.1 (Poincaré Lemma). Let U be an open ball in E and let @
be a differential form of degree = 1 on U such that dw = 0. Then there
exists a differential form  on U such that dy = o.

Proof We shall construct a linear map k from the r-forms to the
(r—1)-forms (r 2 1) such that

dk + kd = id.
From this relation, it will follow that whenever dw = 0, then
dko = o,

thereby proving our proposition. We may assume that the center of the
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ball is the origin. If w is an r-form, then we define kw by the formula

1

((kw),, v1 X -+ X v,_) ==j t"l(w(tx), XX U] X+ X Upy) dt.
0

We can assume that we deal with local representations and that v; e E.
We have

((dkw),, vy X --- X v;)

= Xr:(—l)m (ko) (X)vs, 01 X -+ X By X -+ X y)

i=1

ol
= X:(-‘I)Prl L " Neoo(tx), v; X V] X -+« X By X -+ X v,) dt
ot
+Z(—l)'+lj t' (@' (EX)v;, X X Op X+ X D X +-- X 1) d.
0

On the other hand, we also have
((kdw)(x), v1 X --- X vy)

1
=J t"(dow(x), x X vy X --- X v,) dt
0
1
=J (@' (tx)x, v1 X -++ X v,) dt
0
o
+Z(—l)'] {0 (tx)vi, x X 0] X -+ X Dy X --- X v,) dt.
0

We observe that the second terms in the expressions for kdw and dkw
occur with opposite signs and cancel when we take the sum. As to the
first terms, if we shift v; to the i-th place in the expression for dkw, then

we get an extra coefficient of (—1)**!. Thus

1
dkw + kdw =J rt N o(tx), vy x --- x v,) dt
0
1
+J {0 (tx)x, v X --- X v} dt.
0

This last integral is simply the integral of the derivative with respect to
t of

(o(tx), v1 X -+ X vy).
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Evaluating this expression between t =0 and r=1 yields
(o(x), v1 % -+ X vy)
which proves the theorem.

We observe that we could have taken our open set U to be star-shaped
instead of an open ball. For more information on the relationship between
closed and exact forms, see Chapter XIII, §1.

V, §5. CONTRACTIONS AND LIE DERIVATIVE

Let £ be a vector field and let @ be an r-form on a manifold X, r = 1.
Then we can define an (r — 1)-form C:w by the formula

(Cew)(x)(v2, - - -, vr) = @(E(X), v2, .- -, 0r),

for v4,...,v, € Ty. Using local representations shows at once that Cyw has
the appropriate order of differentiability (the minimum of « and £). We
call C;w the contraction of w by &, and also denote C: by

wol.

If £ is a function, we define Cyf = 0. Leaving out the order of differ-
entiability, we see that contraction gives an R-linear map

Ce: A"(X) — S (X).
This operation of contraction satisfies the following properties.

CON 1. G0 Cr=0.

CON 2. The association (¢,0) — Ciw = wo & is bilinear. It is in fact
bilinear with respect to functions, that is if ¢ is a function, then

Coe=9C: and  Cepw) = pCe0.
CON 3. If w, Y are differential forms and r = deg w, then
Ce(w A Y) = (Cew) A Y+ (=1) o A Cey.
These three properties follow at once from the definitions.

Example. Let X =R”, and let

ox)=dan - Adx,.
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If £ is a vector field on R”, then we have the local representation

n

(wod)(x) = Z(_l)i+l€i(x) dxin - AdxiA - A dxp

i=1

We also have immediately from the definition of the exterior derivative,

dlwol) =Za%—ix) dxi A --- Adxy,
=1 i

letting & = (&y,...,&,) in terms of its components &;.

We can define the Lie derivative of an r-form as we did before for
vector fields. Namely, we shall evaluate the following limit:

(L)) = lim ~ [(&/0)(x) — @(x)],
or in other words,

d. s
Zro = ;{t(a, )

t=0
where « is the flow of the vector field £, and we call £ the Lie derivative

again, applied to the differential form . We may rewrite this definition in
terms of the value on vector fields &,...,& as follows:

d
(gfw)(fla e 7{)‘) = ;1; (w O 0y, at*él XX at*{r)

t=0

Proposition 5.1. Let & be a vector field and « a differential form of
degree r 2 1. The Lie derivative ¥ is a derivation, in the sense that

Le(@(E--58)) = (L) &)+ Y&y LeCis 1 &)
i=1

where of course L:E; = [E, &)
If & &, o denote the local representations of the vector fields and
the form respectively, then the Lie derivative XLz has the. local

[V, §5] CONTRACTIONS AND LIE DERIVATIVE 141

representation

(Lew)(x), &%) x -+ x &(x))
= (0" (x)&(x), &1(x) X -+ - x & (x))

+ Xr:(w(x), E1(x) X -+ x E(X)&E(X) % - - - x E(x))-
i=1

Proof. The proof is routine using the definitions. The first assertion
is obvious by the definition of the pull back of a form. For the local
expression we actually derive more, namely we derive a local expression

d . . .
for a;w and a;a,* o which are characterized by their values at (&, ...,&,).
So we let

(1) F(t) = (¢ 0)(x), &1 (x) % -~ x &,(x))
= (w(a(t, x)), Daa(t, X)&1(x) % - - - x Dya(t, x)&,(x)).

Then the Lie derivative (Z;w)(x) is precisely F/(0), but we obtain also

. d
the local representation for ;1;“: w:

(2) F'(n= <%a,"w(x), E(x) x -+ x f,(x)> e

3) (@' (a(t, %)) Dra(2, x), Dao(t, x)&1(x) x - x Dyax(t, X)&,(x))
+i(w(cx(t, x)), Dao(z, x)&1(x) X - -+ x DyDaa(t, X)&i(x) X - - - x Daaft, x)&x(x))
i=1

by the rule for the derivative of a product. Putting =0 and using the
differential equation satisfied by Dya(t, x), we get precisely the local
expression as stated in the proposition. Remember the initial condition
Dza((), x) = id.

From Proposition 5.1, we conclude that the Lie derivative gives an
R-linear map

L A"(X) - L"(X).

We may use expressions (1) and (3) in the above proof to derive a formula
which holds even more generally for time-dependent vector fields.
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Proposition 5.2. Let &, be a time-dependent vector field, o its flow, and
let o be a differential form. Then

d * * d *
p7 (at w) =d (.?é'a)) or i (at w) = a:(ggw)
Jor a time-independent vector field.

Proof. Proposition 5.1 gives us a local expression for (% w)(y), re-
placing x by y because we shall now put y = a(¢, x). On the other hand,
from (1) in the proof of Proposition 5.1, we obtain

o (L, 0)(x) = (ZLew)(y), Daa(t, )&y (x) X -+ x Daa(t, X)&(x))-

Substituting the local expression for (£ w)(y), we get expression (3) from
the proof of Proposition 5.1, thereby proving Proposition 5.2.

Proposition 5.3. As a map on differential forms, the Lie derivative
satisfies the following properties.

LIE 1. Ly =doCg+ Czod, so % = Czod on functions.

LIE 2. Lo AY)=ZLro A Y+ A LY.

LIE 3. %; commutes with d and Cg.

LIE 4. Zp = Lo Ly~ LyoLs.

LIE 5. Gy = ZLroCy— Cjo .

LIE 6. % = f%:w+df A Cew for all forms @ and functions f.

Proof. Let &,...,& be vector fields, and w an rform. Using the
definition of the contraction and the local formula of Proposition 5.1, we
find that C; dw is given locally by

(Ce doo(x), &(x) x -+« x & (x))
= (@' (x)&(x), &1 (x) x -+ x &(x))

+ 3 (1) (0" (x)E(x), E(x) X E(x) X - x E(x) X - --&(x)).

i=1
On the other hand, dC;w is given by
(dCrax(x), &1(x) x -+ x &x(x))

. .‘;(—1)"+‘<<c¢w)'<x)¢,-<x), E1(x) % o x (%) % -+ X &(x).
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To compute (Crw)'(x) is easy, going back to the definition of the
derivative. At vectors vy,...,v,—1, the form Cgw(x) has the value

((x), &(x) x v1 X -+ X V).

Differentiating this last expression with respect to x and evaluating at a
vector h we get

(@' (X)h, E(x) X v1 X -+ X Op—1) + {@(x), E'(X)h X v X -+ X V).

Hence (dCra(x), & (x) x -+- x &(x)) is equal to

(1) 0 ()0, E06) X E1(X) X -+ x ER) X -+ x &)

i=1

£ 3D @), EGIEE) X Eu(x) X -+ X EG) X -+ X &()).
i=1

Shifting &'(x)&;(x) to the i-th place in the second sum contributes a sign of

(—=1)*"! which gives 1 when multiplied by (~1)*'. Adding the two local
representations for dC;w and Cg dw, we find precisely the expression of
Proposition 5.1, thus proving LIE 1.

As for LIE 2, it consists in using the derivation rule for d and C;
in Proposition 3.3, EXD 1, and CON 3. The corresponding rule for
% follows at once. (Terms will cancel just the right way.) The other
properties are then clear.

V, §6. VECTOR FIELDS AND 1-FORMS
UNDER SELF DUALITY
Let E be a Banach space and let
(v, w) = (v, W)

be a continuous bilinear function of E x E — R. We call such a function
a bilinear form. This form induced a linear map

iA: E-EY
which to each v e E associates the functional 4, such that
As(w) = (v, w).

We have a similar map on the other side. If both these mappings are
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toplinear isomorphisms of E and EV then we say that the bilinear form is
non-singular. If such a non-singular form exists, then we say that E is self-
dual. For instance, a Hilbert space is self-dual.

If E is finite dimensional, it suffices for a bilinear form to be non-
singular that its kernels on the right and on the left be 0. (The kernels are
the kernels of the associated maps A as above.) However, in the infinite
dimensional case, this condition on the kernels is not sufficient any more.

Let E be a self dual Banach space with respect to the non-singular form
(v, w) — (v, w), and let

Q: ExE—-R
be a continuous bilinear map. There exists a unique operator 4 such that
Q(v, w) = (Av, w)
for all v, we E. (An operator is a continuous linear map by definition.)
Remarks. Suppose that the form (v, w) — (v, w) is symmetric, i.e.
(v, w) = (w, v)
for all v, w e E. Then Q is symmetric (resp. alternating) if and only if A4 is

symmetric (resp. skew-symmetric). Recall that A symmetric (with respect
to (,)) means that

(Av, w) = (v, Aw) forall v, wekE.

That 4 is skew-symmetric means that (4v, w) = —(4w, w) for all v, w € E.
For any operator A: E — E there is another operator 4 (the transpose of
A with respect to the non-singular form (, )) such that for all v, w e E we
have

(Av, w) = (v, ‘Aw).

Thus A4 is symmetric (resp. skew-symmetric) if and only if ‘4 = 4 (resp.
A =—4).

_ Thc'e 'above remarks apply to any continuous bilinear form Q. For
invertibility, we have the criterion:

The form Q is non-singular if and only if the operator A representing the
SJorm with respect to {,) is invertible.

The easy verification is left to the reader. Of course, in the ﬁnite di-
mensional case, invertibility or non-singularity can be checked by verifying
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that the matrix representing the linear map with respect to bases has non-
zero determinant. Similarly, the form is also represented by a matrix with
respect to a choice of bases, and its being non-singular is equivalent to the
matrix representing the form being invertible.

We recall that the set of invertible operators in Laut(E) is an open
subset. Alternatively, the set of non-singular bilinear forms on E is an
open subset of L*(E).

We may now globalize these notions to a vector bundle (and eventually
especially to the tangent bundle) as follows.

Let X be a manifold, and n: E — X a vector bundle over X with fibers
which are toplinearly isomorphic to E, or as we shall also say, modeled on
E. Let Q be a tensor field of type L? on E, that is to say, a section of the
bundle L?(E) (or L?(r)), or as we shall also say, a bilinear tensor field on
E. Then for each x € X, we have a continuous bilinear form Q, on E;.

If Q, is non-singular for each x € X then we say that Q is non-singular.
If 7 is trivial, and we have a trivalisation X x E, then the local repre-
sentation of Q can be described by a morphism of X into the Banach
space of operators. If Q is non-singular, then the image of this morphism
is contained in the open set of invertible operators. (If Q is a 2-form, this
image is contained in the submanifold of skew-symmetric operators.) For
example, in a chart U, we can represent Q over U by a morphism

A: U— L(EE,E) such that  Q,(v, w) = (4,0, W)

for all v, weE. Here we wrote A, instead of A(x) to simplify the
typography.

A non-singular Q@ as above can be used to establish a linear
isomorphism

I'(E) > TLY(E), also denoted by TL(E)or TE",

between the R-vector spaces of sections I'(E) of E and the 1-forms on E in
the following manner. Let & be a section of E. For each x € X we define
a continuous linear map

(Qoé&),: Ec—R
by the formula
(Qo &), (w) = Qx(&(x), W)-

Looking at local trivialisations of 7, we see at once that Qo ¢ is a 1-form
on E.

Conversely, let @ be a given l-form on E. For each xe X, wy is
therefore a. 1-form on E, and since Q is non-singular, there exists a unique
element &(x) of E, such that

Q.(£(x), w) = x(w)
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for all w e E,. In this fashion, we obtain a mapping & of X into E and we
contend that & is a morphism (and therefore a section).

To prove our contention we can look at the local representations. We
use Q and w to denote these. They are represented over a suitable open
set U by two morphisms

A: U — Aut(E) and #: U—E
such that

Q,.(v, w) = {Axv, w) and  ax(w) = ((x), w).

From this we see that
&(x) = A7 'n(x),

from which it is clear that ¢ is a morphism. We may summarize our
discussion as follows.

Proposition 6.1. Let X be a manifold and n: E — X a vector bundle
over X modeled on E. Let Q be a non-singular bilinear tensor field on E.
Then Q induces an isomorphism of Fu(X)-modules

ITE—-TEY.
A section & corresponds to a \-form o if and only if Qo & = w.

In many applications, one takes the differential form to be df for some
function f. The vector field corresponding to df is then called the gradient
of f with respect to Q.

Remark. There is no universally accepted notation to denote the
correspondence between a l-form and a vector field under Q as above.
Some authors use sharps and flats, which have two disadvantages. First,
they do not provide a symbols for the mapping, and second they do not
contain the Q in the notation. I would propose the check sign \/,, to
denote either isomorphism

Vq: TL(E) > TE denoted on elements by w— \/go=0"=¢,

and also
Vq: TE -TL(E)  denoted onelements by ¢+ \/o¢é=¢Y = wg.
If Q is fixed throughout a discussion and need not be referred to, then it

is useful to write &Y or AV in some formulas. We have \/0\/, =id.
Instead of the sharp and flat superscript, I prefer the single v sign.
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Many important applications of the above duality occur when Q is a
non-singular symmetric bilinear tensor field on the tangent bundle TX.
Such a tensor field is then usually denoted by g. If &, # are vector fields,
we may then define their scalar product to be the function

(& my=9( n).

On the other hand, by the duality of Proposition 6.1, if i.e. w, A are
1-forms, i.e. sections of the dual bundle TV X, then w" and A" are vector
fields, and we define the scalar product of the 1-forms to be

(w, 1), = (0¥,47),.

This duality is especially important for Riemannian metrics, as in Chapter
X.

The rest of this section will not be used in the book.

In Proposition 6.1, we dealt with a quite general non-singular bilinear
tensor field on E. We now specialize to the case when E = TX is the
tangent bundle of X, and Q is a 2-form, i.e. Q is alternating. A pair
(X, Q) consisting of a manifold and a non-singular closed 2-form is called
a symplectic manifold. (Recall that closed means dQ = 0.)

We denote by &, 5 vector fields over X, and by f, k functions on X,
so that df, dh are 1-forms. We let {; be the vector field on X which
corresponds to df under the 2-form €, according to Proposition 6.1.
Vector fields on X which are of type {4 are called Hamiltonian (with
respect to the 2-form). More generally, we denote by &, the vector field
corresponding to a 1-form w. By definition we have the formula

Q1. Qoé,=w so in particular Qo &y =df.

In Chapter VII, §6 we shall consider a particularly important example,
when the base manifold is the cotangent bundle; the function is the kinetic

energy .
K(v)=3 (v v)g

with respect to the scalar product g of a Riemannian or pseudo Rie-
mannian metric, and the 2-form € arises canonically from the pseudo
Riemannian metric.

In general, by LIE 1 of Proposition 5.3 formula Q1, and the fact that
dQ =0, we find for any 1-form w that:

Q2. ggmg =dw.

The next proposition reinterprets this formula in terms of the flow when
do = 0.
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Proposition 6.2. Let w be such that dw =0. Let o be the flow of &,,.
Then o;Q =K for all t (in the domain of the flow).

Proof. By Proposition 5.2,

d
SHQ=0 L, Q=0 byQ2.

Hence o;Q is constant, equal to 0gQ = Q, as was to be shown.

A special case of Proposition 6.2 in Hamiltonian mechanics is when
o = dh for some function h. Next by LIE 5, we obtain for any vector
fields ¢&, #:

Ze(Qon) = (LeQ)on+Qo|¢, 7).

In particular, since ddf =0, we get
Q3. Zey(Qola) =Qo Ly, Lar)-
One defines the Poisson bracket between two functions f, h to be
{f ’ h} = fdf -h.
Then the preceding formula may be rewritten in the form

Q4. [Cars Eanl = Car .y

It follows immediately from the definitions and the antisymmetry of the
ordinary bracket between vector fields that the Poisson bracket is also

antisymmetric, namely
{f1 h} . _{ha f}

In particular, we find that
ar - f=o.

In the case of the cotangent bundle with a symplectic 2-form as in the next
section, physicists think of f as an energy function, and interpret this
formula as a law of conservation of energy. The formula expresses the
property that f is constant on the integral curves of the vector field &,
This property follows at once from the definition of the Lie derivative of a
function. Furthermore:

Proposition 6.3. If {4 -h =0 then &y - f =0.

This is immediate from the antisymmetry of the Poisson bracket. It
is interpreted as conservation of momentum in the physical theory of
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Hamiltonian mechanics, when one deals with the canonical 2-form on the
cotangent bundle, to be defined in the next section.

V, §7. THE CANONICAL 2-FORM

Consider the functor E +— L(E) (continuous linear forms). If E — X is a
vector bundle, then L(E) will be called the dual bundle, and will be
denoted by EY. For each x € X, the fiber of the dual bundle is simply
L(E,).

If E = T(X) is the tangent bundle, then its dual is denoted by 7T¥ (X)
and is called the cotangent bundle. Its elements are called cotangent
vectors. The fiber of TV(X) over a point x of X is denoted by T’ (X).
For each x e X we have a pairing

T xTx —»R
given by
(A, u) = Au)

for Ae T,Y and ue Ty (it is the value of the linear form A at u).

We shall now describe how to construct a canonical 1-form on the
cotangent bundle TV (X). For each Ae TV (X) we must define a 1-form
on T;(T" (X)).

Let n: TV(X) — X be the canonical projection. Then the induced
tangent map

Trn=mn: T(T" (X)) - T(X)

can be applied to an element z of T,(7T¥ (X)) and one sees at once that
mz lies in Ty(X) if A lies in 7Y (X). Thus we can take the pairing

(3, mz) = 03(2)
to define a map (which is obviously continuous linear):

6;: T:(TY (X)) - R

Proposition 7.1. This map defines a 1-form on TV (X). Let X = U be
open in E and

TV(U)=UxE", T(T"(U))=(UxE")x(ExEY).
If (x, )e UXE" and (u, w)e E X E", then the local representation

O(x,2) is given by
(O, 2y, (u, @)) = Au).
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Proof. We observe that the projection n: U x EY — U is linear, and
hence that its derivative at each point is constant, equal to the projection
on the first factor. Our formula is then an immediate consequence of the
definition. The local formula shows that 8 is in fact a 1-form locally, and
therefore globally since it has an invariant description.

Our 1-form is called the canonical 1-form on the cotangent bundle. We
define the canonical 2-form Q on the cotangent bundle 7V X to be

Q= —d6.
The next proposition gives a local description of Q.

Proposition 7.2. Let U be open in E, and let Q be the local
representation of the canonical 2-form on TYU =UXxEY. Let
(x,Aye UXEY. Let (m1,m) and (u, ;) be elements of Ex EY.
Then

(Qp, 2)s (11, 01) X (2, @2)) = (w1, w2) — (w2, 1)

Bl coz(ul) — (uz).

Proof. We observe that 6 is linear, and thus that 6’ is constant. We
then apply the local formula for the exterior derivative, given in Pro-
position 3.2. Our assertion becomes obvious.

The canonical 2-form plays a fundamental role in Lagrangian and
Hamiltonian mechanics, cf. [AbM 78], Chapter 3, §3. I have taken the
sign of the canonical 2-form both so that its value is a 2 x 2 determinant,
and so that it fits with, for instance, [LoS 68] and [AbM 78]. We observe
that Q is closed, that is dQ = 0, because Q = —df. Thus (TVX, Q) is a
symplectic manifold, to which the properties listed at the end of the last
section apply.

In particular, let £ be a vector field on X. Then to ¢ is associated a
function called the momentum function

fer TYX -R  suchthat  f(A) = A(&(x))

for Aye TYX. Then df; is a 1form on TVX. Classical Hamiltonian
mechanics then applies Propositions 6.2 and 6.3 to this situation. We refer
the interested reader to [LoS 68] and [AbM 78] for further information on
this topic. For an important theorem of Marsden—Weinstein [MaW 74]
and applications to vector bundles, see [Ko 87].
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V, §8. DARBOUX'S THEOREM

If E=R" then the usual scalar product establishes the self-duality of R”.
This self-duality arises from other forms, and in this section we are
especially interested in the self-duality arising from alternating forms. If E
is finite dimensional and w is an element of L2(E), that is an alternating
2-form, which is non-singular, then one sees easily that the dimension of E
is even.

Example. An example of such a form on R% is the following. Let
U= (V1. Uy U5y 0))s
w=(Wi,...,Wn, Wi,...,W,),
be elements of R*, with components v;, v}, w;, w!. Letting
n

o(v, w) = Z(viw,{ - vjw;)

i=1

defines a non-singular 2-form w on R?. It is an exercise of linear algebra
to prove that any non-singular 2-form on R?” is linearly isomorphic to this
particular one in the following sense. If

f: E—>F

is a linear isomorphism between two finite dimensional spaces, then it
induces an isomorphism

f*: L(F) — LY(E).

We call forms @ on E and ¢ on F linearly isomorphic if there exists a
linear isomorphism f such that f*y = . Thus up to a linear isomor-
phism, there is only one non-singular 2-form on R?". (For a proof, cf. for
instance my book Algebra.)

We are interested in the same question on a manifold locally. Let U be
open in the Banach space E and let xo e U. A 2-form

w: U— LYE)

is said to be non-singular if each form w(x) is non-singular. If & is a vector
field on U, then wo ¢ is a 1-form, whose value at (x, w) is given

(w0 &)(x)(w) = o(x)(¢(x), w)-

As a special case of Proposition 6.1, we have:
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Let w be a non-singular 2-form on an open set U in E. The association
{rwol

is a linear isomorphism between the space of vector fields on U and the
space of 1-forms on U.

Let
w: U— LY(U)

be a 2-form on an open set U in E. If there exists a local isomorphism f at
a point xo € U, say
f: Uy—= "1,

and a 2-form y on V7 such that f* = w (or more accurately, w restricted
to U)), then we say that w is locally isomorphic to v at xo. Observe that
in the case of an isomorphism we can take a direct image of forms, and
we shall also write

fo=y

instead of @ = f*y. In other words, f, = (f™!)".

Example. On R?" we have the constant form of the previous example.
In terms of local coordinates (xi,...,Xn, ¥1s...,¥,), this form has the
local expression

n
o(x, y) = Z dx; A dy;.

i=1
This 2-form will be called the standard 2-form on RZ",

The Darboux theorem states that any non-singular closed 2-form in R%*
is locally isomorphic to the standard form, that is that in a suitable chart
at a point, it has the standard expression of the above example. A
technique to show that certain forms are isomorphic was used by Moser
[Mo 65], who pointed out that his arguments also prove the classical
Darboux theorem. Moser’s theorem will be given in Chapter XVIII, §2.

Alan Weinstein observed that Moser’s proof applies to the infinite
dimensional case, whose statement is as follows.

Theorem 8.1 (Darboux Theorem). Let E be a self-dual Banach space.
Let
w: U— LL(E)

be a non-singular closed 2-form on an open set of E, and let xo € U. Then
w is locally isomorphic at xo to the constant form w(xg).
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Proof. Let wy = w(xp), and let
w; = wy + H{w — wp), 0<r=<1.
We wish to find a time-dependent vector field &, locally at 0 such that if «
denotes its flow, then

*
o, Wy = y.

Then the local isomorphism «a; satisfies the requirements of the theorem.
By the Poincaré lemma, there exists a 1-form 8 locally at 0 such that

w—w0=d0,

and without loss of generality, we may assume that 6(x;) =0. We
contend that the time-dependent vector field &,, such that

W © ét = —0,

has the desired property. Let o be its flow. If we shrink the domain of the
vector field near x; sufficiently, and use the fact that 6(xp) = 0, then we
can use the local existence theorem (Proposition 1.1 of Chapter IV) to see
that the flow can be integrated at least to £ =1 for all points x in this
small domain. We shall now verify that

d .
?d_t (ozt 601) =0.
This will prove that o;w, is constant. Since we have ajwy = wy because
o0, x)=x and  Da(0, x) =id,
it will conclude the proof of the theorem.
We compute locally. We use the local formula of Proposition 5.2, and
formula LIE 1, which reduces to

gé,wt S d(wt o ft),

because dw, = 0. We find

d. . .4 .
E (ozt CO;) =0, (Zw,) + o, (.?6‘60;)

d
= oz;' (Zah +d((0, 06,))
= o} (w — wy — df)
=0.

This proves Darboux’s theorem.
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Remark 1. For the analogous uniqueness statement in the case of a
non-singular symmetric form, see the Morse—Palais lemma of Chapter VII,
§5. Compare also with Theorem 2.2 of Chapter XVIII.

Remark 2. The proof of the Poincaré lemma can also be cast in the
above style. For instance, let ¢,(x) = tx be a retraction of a star shaped
open set around 0. Let &, be the vector field whose flow is ¢,, and let w be
a closed form. Then

d * * * *
;1;¢' 0=¢/Lew=¢, dCprw = d¢; Ce, .

Since gy =0 and ¢, is the identity, we see that

1

1
w=¢fw—¢gw=J -g;:ﬁ,*wdt:dj ¢, Ce, 0 dt
0

0

is exact, thus concluding a proof of Poincaré’s theorem.

CHAPTER VI

The Theorem of Frobenius

Having acquired the language of vector fields, we return to differential
equations and give a generalization of the local existence theorem known
as the Frobenius theorem, whose proof will be reduced to the standard
case discussed in Chapter IV. We state the theorem in §1. Readers should
note that one needs only to know the definition of the bracket of two vector
fields in order to understand the proof. It is convenient to insert also a
formulation in terms of differential forms, for which the reader needs to
know the local definition of the exterior derivative. However, the con-
dition involving differential forms is proved to be equivalent to the vector
field condition at the very beginning, and does not reappear explicitly
afterwards.

We shall follow essentially the proof given by Dieudonné in his
Foundations of Modern Analysis, allowing for the fact that we use freely
the geometric language of vector bundles, which is easier to grasp.

It is convenient to recall in §2 the statements concerning the existence
theorems for differential equations depending on parameters. The proof of
the Frobenius theorem proper is given in §3. An important application to
Lie groups is given in §5, after formulating the theorem globally.

The present chapter will not be used in the rest of this book.

VI, §1. STATEMENT OF THE THEOREM

Let X be a manifold of class C? (p =22). A subbundle E of its tan-
gent bundle will also be called a tangent subbundle over X. We con-
tend that the following two conditions concerning such a subbundle are
equivalent.

148
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FR 1. For each point z € X and vector fields &, n at z (i.e. defined on an
open neighborhood of z) which lie in E (i.e. such that the image of
each point of X under &, n lies in E), the bracket (&, ] also lies in
E.

FR 2. For each point ze X and differential form w of degree 1 at z
which vanishes on E, the form dow vanishes on & x n whenever &, n
are two vector fields at z which lie in E.

The equivalence is essentially a triviality. Indeed, assume FR 1. Let w
vanish to E. Then

(dw, & xn) = (o, £, 1]) — n{w, &) + &, ).

By assumption the right-hand side is 0 when evaluated at z. Conversely,
assume FR 2. Let &, n be two vector fields at z lying in E. If [&, #](2) is
not in E, then we see immediately from a local product representation and
the Hahn-Banach theorem that there exists a differential form w of degree
1 defined on a neighborhood of z which is 0 on E, and non-zero on
[, #](z), thereby contradicting the above formula.

We shall now give a third condition equivalent to the above two, and
actually, we shall not refer to FR 2 any more. We remark merely that
in the finite dimensional case, it is easy to prove that when a differential
form o satisfies condition FR 2, then dw can be expressed locally in a
neighborhood of each point as a finite sum

dw=2y,- A O

where y; and w; are of degree 1 and each w; vanishes on E. We leave this
as an exercise to the reader.

Let E be a tangent subbundle over X. We shall say that E is integrable
at a point x if there exists a submanifold Y of X containing xo such that
the tangent map of the inclusion

Jj: Y= X

induces a VB-isomorphism of 7Y with the subbundle E restricted to Y.
Equivalently, we could say that for each point y e Y, the tangent map

T,j: ,Y - T, X
induces a toplinear isomorphism of 7,Y on E,. Note that our condition

defining integrability is local at xo. We say that E is integrable if it is
integrable at every point. -
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Using the functoriality of vector fields, and their relations under tangent
maps and the bracket product, we see at once that if E is integrable, then
it satisfies FR 1. Indeed, locally vector fields having their values in E are
related to vector fields over Y under the inclusion mapping.

Frobenius’ theorem asserts the converse.

Theorem 1.1. Let X be a manifold of class C? (p = 2) and let E be a
tangent subbundle over X. Then E is integrable if and only if E satisfies
condition FR 1.

The proof of Frobenius’ theorem will be carried out by analyzing the
situation locally and reducing it to the standard theorem for ordinary
differential equations. Thus we now analyze the condition FR 1 in terms
of its local representation.

Suppose that we work locally, over a product U x V' of open subsets
of Banach spaces E and F. Then the tangent bundle T(U x V) can be
written in a natural way as a direct sum. Indeed, for each point (x, y) in
U x V we have

T(x‘y)(U X V) = Tx(U) X Ty(V)

One sees at once that the collection of fibers Tx(U) x 0 (contained in
T,(U) x T,(V)) forms a subbundle which will be denoted by T1(U x V)
and will be called the first factor of the tangent bundle. One could define
T»(U x V) similarly, and

T(U x V) =Ti(U x V)@ Ta(U x V).

A subbundle E of T(X) is integrable at a point ze X if and only if
there exists an open neighborhood W of z and an isomorphism

p: UxV-W
of a product onto W such that the composition of maps

inc.

TW(U x V) 2% (U x V) 25 T(w)

induces a VB-isomorphism of 73(U x V) onto E|W (over ¢). Denoting
by ¢, the map of U into W given by ¢,(x) = ¢(x, y), we can also express
the integrability condition by saying that T, should induce a toplinear
isomorphism of E onto E,, , for all (x,y) in U x V. We note that in
terms of our local product structure, Typ, is nothing but the partial
derivative Djg(x, y).

Given a subbundle of 7'(X), and a point in the base space X, we know
from the definition of a subbundle in terms of a local product decom-
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position that we can find a product decomposition of an open neigh-
borhood of this point, say U X V, such that the point has coordinates
(0, yo) and such that the subbundle can be written in the form of an
exact sequence

0- Ux VXEL)UX VxExF

with the map
f(x0,y0): ESEXF

equal to the canonical embedding of E on E x 0. For a point (x, y) in
U x V the map f(x, y) has two components f;(x, y) and f,(x, ) into E
and F respectively. Taking a suitable VB-automorphism of U x V' x E if
necessary, we may assume without loss of generality that fi(x, y) is the
identity. We now write f(x, y) = f,(x, y). Then

f: UxV — L(E, F)

is a morphism (of class CP~!) which describes our subbundle completely.
We shall interpret condition FR 1 in terms of the present situation. If

& UxV—-EXF
is the local representation of a vector field over U x V, we let &; and &, be
its projections on E and F respectively. Then ¢ lies in the image of f if

and only if
Sa(x, y) = fx, y)aa(x, ¥)

for all (x, y) in U x V, or in other words, if and only if ¢ is of the form
E(x, y) = (&i(x, 3), £, »)e1(x, )
for some morphism (of class C?~!)
&: Ux V- E.

We shall also write the above condition symbolically, namely

(1) = (&, &)

If &, n are the local representations of vector fields over U x ¥V, then the
reader will verify at once from the local definition of the bracket
(Proposition 1.3 of Chapter V) that [£, #] lies in the image of f if and only
if

Df (x, y) - &(x, y) - m (%, ) = Df(x, y) - n(x, ) - &i(x, ¥)
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or symbolically,
) Df-&-m=Df-n-¢&.
We have now expressed all the hypotheses of Theorem 1.1 in terms of

local data, and the heart of the proof will consist in proving the following
result.

Theorem 1.2. Let U, V be open subsets of Banach spaces E, F
respectively. Let

f: UxV - L(E,F)
be a C'-morphism (r 2 1). Assume that if
Sim: UxV—E

are two morphisms, and if we let

=&, f&) and  n=(pn, f-m)

then relation (2) above is satisfied. Let (xo, o) be a point of U x V.
Then there exists open neighborhoods Up, Vo of xo, y, respectively,
contained in U, V, and a unique morphism «: Uy x Vo — V such that

Dla(x7 y) = f(x1 a(x7 y))
and o(xg, y) =y for all (x,y) in Up x V.
We shall prove Theorem 1.2 in §3. We now indicate how Theorem 1.1

follows from it. We denote by o, the map o, (x) = a(x, y), viewed as a
map of Uy into V. Then our differential equation can be written

Doy (x) = f (x, ay(x))-
We let
o: UyxVo—-UXV

be the map ¢(x, y) = (x, a,(x)). It is obvious that Dg(xo, yo) is a
toplinear isomorphism, so that ¢ is a local isomorphism at (xo, y,).
Furthermore, for (u, v) e E x F we have

Dig(x, y) - (4, v) = (4, Doty(x) - u) = (w, f(x, oy(x)) - )

which shows that our subbundle is integrable.
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VI, §2. DIFFERENTIAL EQUATIONS DEPENDING
ON A PARAMETER

Proposition 2.1. Let U, V be open sets in Banach spaces E, F
respectively. Let J be an open interval of R containing 0, and let

g: JxUxV—F

be a morphism of class C" (r 2 1). Let (xo, ¥y} be a point in U x V.
Then there exists open balls Jo, Us, Vo centered at 0, xp, y, and
contained J, U, V respectively, and a unique morphism of class C’

ﬂ: J()XU()X Vo—*V

such that (0, x, y) =y and

DiB(t, x, y) = g(t, x, B(t, X, ¥))
Jor all (t, x, y)eJy x Uy x Vy.

Proof. This follows from the existence and uniqueness of local flows, by
considering the ordinary vector field on U x V

G: IxUxV—-ExF
given by G(1, x, y) = (0, g(¢, x, y)). If B(, x, y) is the local flow for G,
then we let B(z, x, y) be the projection on the second factor of B(z, x, y).
The reader will verify at once that § satisfies the desired conditions. The
uniqueness is clear.
Let us keep the initial condition y fixed, and write

B(t, x) = B(t, x, y)-

From Chapter IV, §1, we obtain also the differential equation satisfied by
B in its second variable:

Proposition 2.2. Let notation be as in Proposition 2.1, and with y fixed,
let B(t, x) = B(t, x, y). Then D;f(t, x) satisfies the differential equation

D\DyS(t, x)-v = ng(t, x, p(t, x)) v+ D3g(t, x, B(t, x)) - Dyf(e, x) - v,

Jor every veE.
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Proof. Here again, we consider the vector field as in the proof of
Proposition 2.1, and apply the formula for the differential equation
satisfied by D,f as in Chapter IV, §l.

VI, §3. PROOF OF THE THEOREM

In the application of Proposition 2.1 to the proof of Theorem 1.2, we take
our morphism g to be

g(t1 z, y) =f(x0+tz) y) "z

with z in a small ball E; around the origin in E, and y in V. It is
convenient to make a translation, and without loss of generality we can
assume that xo =0 and y;, = 0. From Proposition 2.1 we then obtain

ﬂ: J()XE()X Vo—V

with initial condition S(0, z, y} = y for all z € Ky, satisfying the differential
equation
Dlﬂ(ta Z, y) = f(tZ, B(ta z, y)) *Z.

Making a change of variables of type ¢t=as and z=a"!x for a small
positive number g, we see at once that we may assume that Jy contains 1,
provided we take E, sufficiently small. As we shall keep y fixed from now
on, we omit it from the notation, and write (¢, z) instead of (¢, z, y).
Then our differential equation is

3) Dip(z, z) = f(tz, B(t, z)) - Z.

We observe that if we knew the existence of o in the statement of
Theorem 1.2, then letting (¢, z) = a(xo + tz) would yield a solution of our
differential equation. Thus the uniqueness of o follows. To prove its
existence, we start with § and contend that the map

a(x) = B(1, x)

has the required properties for small |x|. To prove our contention it will
suffice to prove that

(4) D, f(s, Z) . tf(tz7 B(z, Z))
because if that relation holds, then
Da(x) . DZB(I) x) . f(xa B(1, x)) = f(x’ a(x))

which is precisely what we want.
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From Proposition 2.2, we obtain for any vector v € E,

D\D2f(t, z) - v=tDy f(tz, B2, 7)) vz
+Daf (12, B(t, 2)) - D2f(t, 2) - v- 2+ f (22, B(t, 2)) - v.

We now let k(f) = D2f(¢, z) - v — tf (tz, B(t, z)) - v. Then one sees at once
that £(0) =0 and we contend that

(5) Dk(ty = Dy f (tz, B(t, 2)) - k(1) - 2.

We use the main hypothesis of our theorem, namely relation (2), in which
we take &; and 7, to be the fields v and z respectively. We compute pf
using the formula for the partial derivatives, and apply it to this spec_:lal
case. Then (5) follows immediately. It is a linear differential equation
satisfied by k(f), and by Corollary 1.7 of Chapter IV, we know that the
solution 0 is the unique solution. Thus k(f) =0 and relation (4) is
proved. The theorem also.

VI, §4. THE GLOBAL FORMULATION

Let X be a manifold. Let F be a tangent subbundle. By an imtegral
manifold for F, we shall mean an injective immersion

i Y-X
such that at every point y € Y, the tangent map
Tyfi TyY - Tf(y)X

induces a toplinear isomorphism of 7)Y on the subspace Fy(,) of Ty(;)X.
Thus 7f induces locally an isomorphism of the tangent bundle of ¥ with
the bundle F over f(Y).

Observe that the image f(Y) itself may not be a submanifold of X. For
instance, if F has dimension 1 (i.e. the fibers of F have dimension 1), an
integral manifold for F is nothing but an integral curve from the theory of
differential equations, and this curve may wind around X in sucl? a way
that its image is dense. A special case of this occurs if we consider the
torus as the quotient of the plane by the subgroup generated by the two
unit vectors. A straight line with irrational slope in the plane gets mapped
on a dense integral curve on the torus. .

If Y is a submanifold of X, then of course the inclusion j: ¥ — X is an
injective immersion, and in this case, the condition that it be an integral
manifold for F simply means that 7(Y) = F|Y (F restricted to Y).
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We now have the local uniqueness of integral manifolds, corresponding
to the local uniqueness of integral curves.

Theorem 4.1. Let Y, Z be integral submanifolds of X for the subbundle F
of TX, passing through a point xo. Then there exists an open neigh-
borhood U of x¢ in X, such that

YnU=ZnU.

Proof. Let U be an open neighborhood of xy in X such that we have a
chart
UsVxW
with
Xg (y 0 WO);

and Y corresponds to all points (y, wg), ye V. In other words, Y
corresponds to a factor in the product in the chart. If ¥ is open in F; and
W open in F,, with F; x F, = E, then the subbundle F is represented by
the projection

VxWxF,

VW

Shrinking Z, we may assume that Z< U. Let h: Z— V x W be the
restriction of the chart to Z, and let 4 = (h;, h;) be represented by its two
components. By assumption, 4'(x) maps E into F; for every x € Z. Hence
h is constant, so that h(Z) is contained in the factor ¥V x {wo}. It follows
at once that h(Z) = V; x {wo} for some open V) in V, and we can shrink
U to a product ¥} x W, (where W is a small open set in W containing
wp) to conclude the proof.

We wish to get a maximal connected integral manifold for an integrable
subbundle F of TX passing through a given point, just as we obtained a
maximal integral curve. For this, it is just as easy to deal with the
nonconnected case, following Chevalley’s treatment in his book on Lie
Groups. (Note the historical curiosity that vector bundles were invented
about a year after Chevalley published his book, so that the language
of vector bundles, or the tangent bundle, is absent from Chevalley’s
presentation. In fact, Chevalley used a terminology which now appears
terribly confusing for the notion of a tangent subbundle, and it will not be
repeated here!)

We give a new manifold structure to X, depending on the integrable
tangent subbundle F, and the manifold thus obtained will be denoted by



164 THE THEOREM OF FROBENIUS [VI, §4]

Xp. This manifold has the same set of points as X. Let xe X. We know
from the local uniqueness theorem that a submanifold Y of X which is at
the same time an integral manifold for F is locally uniquely determined. A
chart for this submanifold locally at x is taken to be a chart for Xp. It is
immediately verified that the collection of such charts is an atlas, which
defines our manifold Xr. (We lose one order of differentiability.) The
identity mapping
j: X F— X

is then obviously an injective immersion, satisfying the following universal
properties.

Theorem 4.2. Let F be an integrable tangent subbundle over X. If
f[: Y—=X

is a morphism such that Tf: TY — TX maps TY into F, then the

induced map f
: Y - X
F F

(same values as f but viewed as a map into the new manifold Xf) is also a
morphism. Furthermore, if f is an injective immersion, then fg induces an
isomorphism of Y onto an open subset of Xp.

Proof. Using the local product structure as in the proof of the local
uniqueness Theorem 4.1, we see at once that fg is a morphism. In other
words, locally, f maps a neighborhood of each point of Y into a sub-
manifold of X which is tangent to F. If in addition f is an injective
immersion, then from the definition of the charts on Xy, we see that fr
maps Y bijectively onto an open subset of X, and is a local isomorphism
at each point. Hence f; induces an isomorphism of ¥ with an open
subset of XF, as was to be shown.

Corollary 4.3. Let Xr(xo) be the connected component of Xr containing
a point xo. If f: Y — X is an integral manifold for F passing through
xo, and Y is connected, then there exists a unique morphism

h: Y — Xr(xo)

making the following diagram commutative:

h
Y —— Xg(xo)
f i

X

and h induces an isomorphism of Y onto an open subset of Xrp(xo).
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Proof. Clear from the preceding discussion.

Note the general functorial behavior of the integral manifold. If
g X—-X

is an isomorphism, and F is an integrable tangent subbundle over X, then
F' = (Tg)(F) = g,F is an integrable bundle over X’. Then the following
diagram is commutative:

X; -2 X3

(O

X — X
g

The map g is, of course, the map having the same values as g, but viewed
as a map on the manifold Xr.

VI, §5. LIE GROUPS AND SUBGROUPS

It is not our purpose here to delve extensively into Lie groups, but to lay
the groundwork for their theory. For more results, we refer the reader
to texts on Lie groups, differential geometry, and also to the paper by
W. Graeub [Gr 61]. Although seemingly written to apply only to the
finite dimensional case, this paper holds essentially in its entirety for the
Banach case (and Hilbert case when dealing with Riemannian metrics),
and is written on foundations corresponding to those of the present book.

By a group manifold, or a Lie group G, we mean a manifold with a
group structure, that is a law of composition and inverse,

: GXxXG—-G and G—-G

which are morphisms. Thus each x € G gives rise to a left translation

™*: G- G
such that 7*(y) = xy.

When dealing with groups, we shall have to distinguish between iso-
morphisms in the category of manifolds, and isomorphisms in the category
of group manifolds, which are also group homomorphisms. Thus we shall
use_prefixes, and speak of group manifold isomorphism, or manifold iso-
morphism as the case may be. We abbreviate these by GM-isomorphism
or M-isomorphism. We see that left translation is an M-isomorphism, but
not a GM-isomorphism.
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Let e denote the origin (unit element) of G. If ve T.G is a tangent
vector at the origin, then we can translate it, and we obtain a map

(x, V)= v = &y(x)
which is easily verified to be a VB-isomorphism
GxT.G— TG

from the product bundle to the tangent bundle of G. This is done at once
using charts. Recall that 7,G can be viewed as a Banachable space, using
any local trivialization of G at e to get a toplinear isomorphism of 7T,.G
with the standard Banachable space on which G is modeled. Thus we see
that the tangent bundle of a Lie group is trivializable.

A vector field £ over G is called left invariant if 7X¢ = & for all xe G.
Note that the map

x - &y(x)

described above is a left invariant vector field, and that the association

v— &,

obviously establishes a linear isomorphism between T,G and the vector
space of left invariant vector fields on G. The space of such vector fields
will be denoted by g or I(G), and will be called the Lie algebra of G,
because of the following results.

Proposition 5.1. Let &, 5 be left invariant vector fields on G. Then [&, n]
is also left invariant.

Proof. This follows from the general functorial formula

&, n] = [<XE, win) = [, 7).

Under the linear isomorphism of 7,G with I(G), we can view I(G) as a
Banachable space. By a Lie subalgebra of 1(G) we shall mean a closed
subspace b which splits, and having the property that if & #e€b, then
[¢,7] €} also.

Note. In the finite dimensional case, every subspace is closed and splits,
so that only this last condition about the bracket product need be
mentioned explicitly.

Let G, H be Lie groups. A map

f: H—-»G
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will be called a homomorphism if it is a group homomorphism and a
morphism in the category of manifolds. Such a homomorphism induces a
continuous linear map

T.f = f.: T.H — T,G,
and it is clear that it also induces a corresponding linear map
I(H) - 1(G),

also denoted by f,. Namely, if ve T.H and ¢, is the left invariant vector
field on H induced by v, then

f*év = éf.v

The general functorial property of related vector fields applies to this case,
and shows that the induced map

f.: (H) - (G)
is also a Lie algebra homomorphism, namely for &, n € [(H) we have

f*[é’ ']] = [f*é) f*”]

Now suppose that the homomorphism f: H — G is also an immersion
at the origin of H. Then by translation, one sees that it is an immersion at
every point. If in addition it is an injective immersion, then we shall say
that fis a Lie subgroup of G. We see that in this case, finduces a splitting
injection

St (H) = 1(G).

The image of I(H) in I(G) is a Lie subalgebra of [(G).
In general, let h be a Lie subalgebra of I(G) and let F, be the corre-
sponding subspace of 7.G. For each x G, let

F, =<]F.,.

Then F; is a split subspace of T, G, and using local charts, it is clear that
the collection F = {Fy} is a subbundle of 7G, which is left invariant.
Furthermore, if

f- H->G

is a homomorphism which is an injective immersion, and if  is the image
of I(H), then we also see that f is an integral manifold for the subbundle
F. We shall now see that the converse holds, using Frobenius’ theorem.
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Theorem 5.2. Let G be a Lie group, Yy a Lie subalgebra of |(G), and
let F be the corresponding left invariant subbundle of TG. Then F is
integrable.

Proof. 1 owe the proof to Alan Weinstein. It is based on the following
lemma.

Lemma 5.3. Let X be a manifold, let &, 5 be vector fields at a point x,
and let F be a subbundle of TX. If &(x0) =0 and ¢ is contained in F,
then [&, n](xo) € F.

Pro.of We can deal with the local representations, such that X = U is
open in E, and F corresponds to a factor, that is

TX=UXF1XF2 and F=UXF1.

We may also assume without loss of generality that x;=0. Then
£(0) =0, and ¢: U — F; may be viewed as a map into F;. We may write

&(x) = A(x)x,

with a morphism 4: U — L(E, F;). Indeed,

1
£o) = L £(tx) dr-x,

1
and A(x) =pr;o J &'(1x) dt, where pr, is the projection on F;. Then

0
€, 7l(%) = 7' (x)&(x) — &' (x)n(x)

=17'(x)A(x)x — A'(x) - x - 7(x) — A(x) - (),
whence

(£, 71(0) = 4(0)n(0).
Since 4(0) maps E into F;, we have proved our lemma.

.Back to the proof of the proposition. Let & # be vector fields at a
pomt_ xp in G, both contained in the invariant subbundle F, There exist
Invaniant vector fields &, and #, and xp such that

&(x0) = &(xo) and  7(xo0) = #o(x0)-
Let

&L=¢-& and M =1n—"p-
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Then &,, #; vanish at xy and lie in F. We get:
ij
The proposition now follows at once from the lemma.

Theorem 5.4. Let G be a Lie group, let §y be a Lie subalgebra of I(G),
and let F be its associated invariant subbundle. Let

j: H—-G

be the maximal connected integral manifold of F passing through e. Then
H is a subgroup of G, and j: H— G is a Lie subgroup of G. The
association between by and j: H — G establishes a bijection between Lie
subalgebras of (G) and Lie subgroups of G.

Proof. Let xe H. The M-isomorphism z* induces a VB-isomorphism
of F onto itself, in other words, F is invariant under z}. Furthermore,
since H passes through e, and xe lies in H, it follows that j: H — G is
also the maximal connected integral manifold of F passing through x.
Hence x maps H onto itself. From this we conclude that if y € H, then
xy € H, and there exists some y € H such that xy = e, whence xleH.
Hence H is a subgroup. The other assertions are then clear.

If H is a Lie subgroup of G, belonging to the Lie algebra b, and F is
the associated integrable left invariant tangent subbundle, then the integral
manifold for F passing through a given point x is simply the translation
xH, as one sees from first functorial principles.

When § is 1-dimensional, then it is easy to see that the Lie subgroup is
in fact a homomorphic image of an integral curve

o: R—» G

which is a homomorphism, and such that o'(0) = v is any vector in T.G
which is the value at e of a non-zero element of . Changing this vector
merely reparametrizes the curve. The integral curve may coincide with the
subgroup, or it comes back on itself, and then the subgroup is essentially
a circle. Thus the integral curve need not be equal to the subgroup.
However, locally near ¢ =0, they do coincide. Such an integral curve is
called a one-parameter subgroup of G.

Using Theorem 1.5 of Chapter V, it is then easy to see that if the Lie
algebra of a connected Lie group G is commutative, then G itself is
commutative. One first proves this for elements in a neighborhood of the
origin, using l-parameter subgroups, and then one gets the statement
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globally by expressing G as a union of products
UuU---U,

where U is a symmetric connected open neighborhood of the unit element.
All of these statements are easy to prove, and belong to the first chapter
of a book on Lie groups. Our purpose here is merely to lay the general
foundations essentially belonging to general manifold theory.

Warning. The group of differential automorphisms of a finite dimen-
sional manifold is “infinite dimensional” but usually not a Lie group,
because multiplication is usually continuous only in each variable sepa-
rately. For an analysis of this, also in the context of H? (Sobolev) spaces,
cf. Ebin and Marsden [EbM 70].

PART I

Metrics, Covariant
Derivatives, and
Riemannian Geometry



CHAPTER VII

Metrics

In our discussion of vector bundles, we put no greater structure on the
fibers than that of topological vector space (of the same category as those
used to build up manifolds). One can strengthen the notion so as to
include the metric structure, and we are thus led to consider Hilbert
bundles, whose fibers are Hilbert spaces.

Aside from the definitions, and basic properties, we deal with two
special topics. On the one hand, we complete our uniqueness theorem
on tubular neighborhoods by showing that when a Riemannian metric is
given, a tubular neighborhood can be straightened out to a metric one.
Secondly, we show how a Riemannian metric gives rise in a natural way
to a spray, and thus how one recovers geodesics. The fundamental 2-form
is used to identify the vector fields and 1-forms on the tangent bundle,
identified with the cotangent bundle by the Riemannian metric.

We assume throughout that our manifolds are Hausdorff and are
sufficiently differentiable so that all our statements make sense. (For
instance, when dealing with sprays, we take p = 3.)

Of necessity, we shall use the standard spectral theorem for (bounded)
symmetric operators. A self-contained treatment will be given in the
appendix.

VII, §1. DEFINITION AND FUNCTORIALITY

For Riemannian geometry, we shall deal with a Hilbertable vector space,
that is a topological vector space which is complete, and whose topology
can be defined by the norm associated with a bilinear form, which is
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symmetric and positive definite. All facts needed in the sequel concerning
Hilbert spaces can be found in the Appendix.

It turns out that some basic properties have only to do with a weaker
property of the space E on which a manifold is modeled, namely that the
Banach space E is self dual, via a symmetric non-singular bilinear form.
Thus we only assume this property until more is needed. We recall that
such a form is a continuous bilinear map

(v, w) = (v, w) of ExE—-R

such that (v, w) = (w, v) for all v, w e E, and the corresponding map of E
into the dual space L(E) is a topological isomorphism.

Examples. Of course, the standard positive definite scalar product on
Euclidean space provides the easiest (in some sense) example of a self dual
vector space. But the physicists are interested in R* with the scalar
product such that the square of a vector (x, y, z, 1) is x? + y? 4 22 — 2.
This scalar product is non-singular. For one among many nice appli-
cations of the indefinite case, cf. for instance [He 84] and [Gu 91], dealing
with Huygens’ principle.

We consider Lszym(E), the vector space of continuous bilinear forms

A ExE—-R

which are symmetric. If x is fixed in E, then the continuous linear form
Ax(¥) = A(x, y) is represented by an element of E which we denote by Ax,
where A is a continuous linear map of E into itself. The symmetry of A
implies that A4 is symmetric, that is we have

A(x, y) = (4x, y) = (x, 4y)

for all x, ye E. Conversely, given a symmetric continuous linear map
A: E — E we can define a continuous bilinear form on E by this formula.
Thus Lszym(E) is in bijection with the set of such operators, and is itself a
Banach space, the norm being the usual operator norm. Suppose E is a
Hilbert space, and in particular, E is self dual.

The subset of Lszym(E) consisting of those forms corresponding to
symmetric positive definite operators (by definition such that 4 > el for
some € > 0) will be called the Riemannian of E and be denoted by Ri(E).
Forms A in Ri(E) are called positive definite. The associated operator A4
of such a form is invertible, because its spectrum does not contain 0 and
the continuous function 1/7 is invertible on the spectrum.

In general, suppose only that E is self dual. The space Lszym(E) contains
as an open subset the set of non-singular symmetric bilinear forms, which

[VIL, §1] DEFINITION AND FUNCTORIALITY 175

we denote by Met(E), and which we call the set of metrics or pseudo
Riemannian metrics. In view of the operations on vector bundles (Chapter
III, §4) we can apply the functor Ls2ym to any bundle whose fibers are self
dual. Thus if n: E — X is such a bundle, then we can form Lszym(n). A
section of Lszym(n) will be called by definition a symmetric bilinear form
on n. A (pseudo Riemannian) metric on 7 (or on E) is defined to be a
symmetric bilinear form on z, whose image lies in the open set of metrics
at each point. We let Met(r) be the set of metrics on # , which we also
call the set of metrics on E, and may denote by Met(E).

If E is a Hilbert space and the image of the section of Lszym(n) lies in
the Riemannian space Ri(r,) at each point x, in order words, if on the
fiber at each point the non-singular symmetric bilinear form is actually
positive definite, then we call the metric Riemannian. Let us denote a
metric by g, so that g(x) € Met(E,) for each x € X, and lies in Ri(E,) if
the metric is Riemannian. Then g(x) is a non-singular symmetric bilinear
form in general, and in the Riemannian case, it is positive definite in
addition.

A pair (X, g) consisting of a manifold X and a (pseudo Riemannian)
metric g will be called a pseudo Riemannian manifold. It will be called a
Riemannian manifold if the manifold is modeled on a Hilbert space, and
the metric is Riemannian.

Observe that the sections of Lszym(n) form a vector space (abstract) but
that the Riemannian metrics do not. They form a convex cone. Indeed, if
a, b >0 and g, g, are two Riemannian metrics, then ag; + bg; is also a
Riemannian metric.

Suppose we are given a VB-trivialization of 7 over an open subset U of
X, say |

. n (U)y— UXxE.

We can transport a given pseudo Riemannian metric g (or rather its
restriction to #~!(U)) to U x E. In the local representation, this means
that for each xe U we can identify g(x) with a symmetric invertible
operator A, giving rise to the metric. The operator A, is positive definite
in the Riemannian case. Furthermore, the map

x+— A,

from U into the Banach space L(E, E) is a morphism.

As a matter of notation, we sometimes write g, instead of g(x). Thus
if v, w are two vectors in E,, then g.(v, w) is a number, and is more
convenient to write than g(x)(v, w). We shall also write (v, w), if the
metric g is fixed once for all.

Proposition 1.1. Let X be a manifold admitting partitions of unity. Let
n: E — X be a vector bundle whose fibers are Hilbertable vector spaces.
Then n admits a Riemannian metric.
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Proof Find a partition of unity {U;, ¢;} such that #|U; is trivial, that is
such that we have a trivialization

mi: w(U) = Uy x E

(working over a connected component of X, so that we may assume the
fibers toplinearly isomorphic to a fixed Hilbert space E). We can then find
a Riemannian metric on U; x E in a trivial way. By transport of structure,
there exists a Riemannian metric g; on #|U; and we let

g= Z 9i gi-
Then g is a Riemannian metric on x.

Let us investigate the functorial behavior of metrics.
Consider a VB-morphism

Jo

with vector bundles E’ and E over X and Y respectively, whose fibers are
self dual spaces. Let g be a symmetric bilinear form on 7, so that for each
ye Y we have a continuous, bilinear, symmetric map

9(y): Ey x Ey - R.
Then the composite map
E,xE, - E,xE,—»R

with y = f(x) is a symmetric bilinear form on E, and one verifies
immediately that it gives rise to such a form, on the vector bundle 7',
which will be denoted by f*(g). Then f induces a map

L) =f* Lin(n) — L (x').

Furthermore, if f, is injective and splits for each x € X, and g is a metric
(resp. g is a Riemannian metric in the Hilbert case), then obviously so is
f*(g9), and we can view f* as mapping Met(z) into Met(n’) (resp. Ri(n)
into Ri(z') in the Riemannian case).

Let X be a manifold modeled on a Hilbertable space and let 7(X) be
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its tangent bundle. By abuse of language, we call a metric on 7(X) also a
metric on X and write Met(X) instead of Met(T(X)). Similarly, we write
Ri(X) instead of Ri(7'(X)).

Let f: X — Y be an immersion. Then for each x € X, then linear map

Tfo Tx(X) — T_'f(x)(Y)
is injective, and splits, and thus we obtain a contravariant map
S Ri(Y) — Ri(X),

each Riemannian metric on Y inducing a Riemannian metric on X.

A similar result applies in the pseudo Riemannian case. If (Y, g) is
Riemannian, and f is merely of class C! but not necessarily an immersion,
then the pull back f*(g) is not necessarily positive definite, but is merely
what we call semipositive. In general, if (X, k) is pseudo Riemannian and
h(v, v) = 0 for all ve T, X, all x, then (X, h) is called semi Riemannian.
Thus the pull back of a semi Riemannian metric is semi Riemannian.

For a major result concerning Riemannian embeddings of manifolds in
Euclidean space, see Nash [Na 56], followed by Moser [Mo 61], as well as
the exposition I gave in [La 61]. Even though dealing a priori with finite
dimensional manifolds, the imbedding problem is essentially concerned
with the infinite dimensional manifold of Riemannian metrics. The
problem partly amounts to obtaining an inverse mapping theorem in a
context more complicated than that of Banach spaces, namely Frechet
spaces, when all C? norms intervene, for p =1,2,.... Newton approxi-
mation is used instead of the shrinking lemma to solve the local iso-
morphism problem in this case.

The next five sections will be devoted to considérations which apply
specifically to the Riemannian case, where positivity plays a central role.

VI, §2. THE HILBERT GROUP

Let E be a Hilbert space. The group of toplinear automorphisms Laut(E)
contains the group Hilb(E) of Hilbert automorphisms, that is those
toplinear automorphisms which preserve the inner product:

(Av, Aw) = (v, w)

for all v, we E. We note that 4 is Hilbertian if and only if 4*4 =1,

As usual, we say that a linear continuous map A: E — E is symmetric
if A* = A4 and that it is skew-symmetric if 4* = —4. We have a direct
sum decomposition of the Banach space L(E, E) in terms of the two
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closed subspaces of symmetric and skew-symmetric operators:
A=1(A+A")+1(4-4%).

We denote by Sym(E) and Sk(E) the Banach spaces of symmetric and
skew-symmetric maps respectively. The word operator will always mean
continuous linear map of E into itself.

Proposition 2.1. For all operators A, the series

A2
exp(A)=I+A+F+---

converges. If A commutes with B, then
exp(A4 + B) = exp(4) exp(B).

For all operators sufficiently close to the identity I, the series

(4-1) (4-1)
1 -.I.. 2 +...

converges, and if A commutes with B, then

log(4) =

log(AB) = log(A) + log(B).

Proof. Standard.

We leave it as an exercise to the reader to show that the exponential
function gives a C®-morphism of L(E, E) into itself. Similarly, a function
admitting a development in power series say around 0 can be applied to
the set of operators whose bound is smaller than the radius of convergence
of the series, and gives a C®-morphism.

Proposition 2.2. If A is symmerric (resp. skew-symmetric), then exp(A) is
symmetric positive definite (resp. Hilbertian). If A is toplinear auto-
morphism sufficiently close to I and is positive definite symmetric (resp.
Hilbertian), then log(A) is symmetric (resp. skew-symmetric).

Proof. The proofs are straightforward. As an example, let us carry out

the proof of the last statement. Suppose A4 is Hilbertian and sufficiently
close to I. Then A*A =1 and A* = A~!. Then

log(4)* =(A*]__I)+...

= log(4™1).
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If A is close to I, so is A~1 g0 that these statements make sepse. We NOW
conclude by noting that log(4-1) = —log(4). All the other proofs are
carried out in a similar fashion, taking a star operator in series term by
term, under conditions which insure convergence.

The exponential and logarithm functions give inverse C* mappings
between neighborhoods of 0 in L(E,E) and neighborhoods of I in
Laut(E). Furthermore, the direct sum decomposition of L(E, E) into
symmetric and skew-symmetric subspaces is reflected locally in a neigh-
borhood of I by a C*® direct product decomposition into positive definite
and Hilbertian automorphisms. This direct product decomposition can
be translated multiplicatively to any toplinear automorphism, because if
A eLaut(E) and B is close to A4, then

B=AA"'B=A(I- (I - A7'B))
and (I — A7'B) is small. This proves:

Proposition 2.3. The Hilbert group of automorphisms of E is a closed
submanifold of Laut(E).

In addition to this local result, we get a global one also:

Proposition 2.4. The exponential map gives a C ©_isomorphism from the
space Sym(E) of symmetric endomorphisms of E and the space Pos(E) of
symmetric positive definite automorphisms of E.

Proof We must construct its inverse, and for this we use the spectral
theorem. Given A4, symmetric positive definite, the analytic function log ¢
is defined on the spectrum of A4, and thus log A4 is symmetric. One verifies
immediately that it is the inverse of the exponential function (which can _be
viewed in the same way). We can expand log ¢ around a large pqsitlve
number ¢, in a power series uniformly and absolutely convergent in an
interval 0 < € £t < 2c—¢, to achieve our purposes.

Proposition 2.5. The manifold of toplinear automorphisms of the Hilbert
space E is C®-isomorphic to the product of the Hilbert automorphisms
and the positive definite symmetric automorphisms, under the mapping

Hilb(E) x Pos(E) — Laut(E)
given by
(H, P) — HP.

Proof. Our map is induced by a continuous bilinear map of

L(E, E) x L(E, E)
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into L(E, E) and so is C®. We must construct an inverse, or in other
words express any given toplinear automorphism 4 in a unique way as a
product 4 = HP where H is Hilbertian, P is symmetric positive definite,
and both H, P depend C® on A. This is done as follows. First we note
that A*A is symmetric positive definite (because (4*Av, v) = (Av, Av),
and furthermore, 4*4 is a toplinear automorphism, so that 0 cannot be in
its spectrum, and hence A*4 = eI > O since the spectrum is closed). We
let

P=(4*A)"?
and let H= AP~!. Then H is Hilbertian, because
H*H = (P Y*A* AP ' =I.

Both P and H depend differentiably on A4 since all constructions involved
are differentiable.

There remains to be shown that the expression as a product is unique.
If A= H,P, where H;, Py are Hilbertian and symmetric positive definite
respectively, then

H'H = PP[!,

and we get H, = PP{! for some Hilbertian automorphism H,. By defini-
tion,

1= H;H, = (PP;")* PP}’
and from the fact that P* = P and P} = P, we find
P2 =Pl

Taking the log, we find 2 log P=21log P;. We now divide by 2 and take
the exponential, thus giving P = P; and finally H = H,. This proves our
proposition.

Vil, §3. REDUCTION TO THE HILBERT GROUP

We define a new category of bundles, namely the Hilbert bundles over
X, denoted by HB(X). As before, we would denote by HB(X, E) or
HB(X, %) those Hilbert bundles whose fiber is a Hilbert space E or lies in
a category .

Let z: E — X be a vector bundle over X, and assume that it has a
trivialization {(U;, 7;)} with trivializing maps

7 W (Ui) » Ui x E
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where E is a Hilbert space, such that each toplinear automorphism (z;7;!),
is a Hilbert automorphism. Equivalently, we could also say that i is
a Hilbert isomorphism. Such a trivialization will be called a Hilbert
trivialization. Two such trivializations are called Hilbert-compatible if their
union is again a Hilbert trivialization. An equivalence class of such
compatible trivializations constitutes what we call a Hilbert bundle over
X. Any such Hilbert bundle determines a unique vector bundle, simply by
taking the VB-equivalence class determined by the trivialization.

Given a Hilbert trivialization {(U;, 7;)} of a vector bundle = over X, we
can define on each fiber #, a Hilbert space structure. Indeed, for each x
we select an open set U; in which x lies, and then transport to 7y the
scalar product in E by means of 7;,. By assumption, this is independent of
the choice of U; in which x lies. Thus in a Hilbert bundle, we can assume
that the fibers are Hilbert spaces, not only Hilbertable.

It is perfectly possible that several distinct Hilbert bundles determine the
same vector bundle.

Any Hilbert bundle determining a given vector bundle 7 will be said to
be a reduction of 7 to the Hilbert group.

We can make Hilbert bundles into a category, if we take for the HB-
morphisms the VB-morphisms which are injective and split at each point,
and which preserve the metric, again at each point.

Each reduction of a vector bundle to the Hilbert group determines a
Riemannian metric on the bundle. Indeed, defining for each z € X and
v, w € 7ty the scalar product

gx(va W) = (Tixvy Tixw)
with any Hilbert-trivializing map 7, such that x € U;, we get a morphism
X > gx

of X into the sections of L2, (x) which are positive definite. We also have

the converse.

2
sym

" Theorem 3.1. Let n be a vector bundle over a manifold X, and assume
that the fibers of n are all toplinearly isomorphic to a Hilbert space E.
Then the above map, from reductions of n to the Hilbert group, into the
Riemannian metrics, is a bijection.

Proof Suppose that we are given an ordinary VB-trivialization
{(U;, @)} of =. We must construct an HB-trivialization. For each i, let g;
be the Riemannian metric on U; x E transported from n~!(U;) by means
of ;. Then for each x € U;, we have a positive definite symmetric operator
A;. such that

gix(l?, W) = (Aixva W)
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for all v, weE. Let B; be the square root of A4;,. We define the
trivialization o; by the formula

Oix = BixTix

and contend that {(U;, 6,)} is a Hilbert trivialization. Indeed, from the
definition of g;, it suffices to verify that the VB-isomorphism

B: U;xE— U; xE

given by B;, on each fiber, carries g; on the usual metric. But we have, for
v,wekE:

(Bixv, Bixw) = (Aixva W)

since B;, is symmetric, and equal to the square root of A;. This proves
what we want.

At this point, it is convenient to make an additional comment on
normal bundles.

Let a, § be two Hilbert bundles over the manifold X, and let f: « — §
be an HB-morphism. Assume that

0-alp

is exact. Then by using the Riemannian metric, there is a natural way of
constructing a splitting for this sequence (cf. Chapter III, §5).

Using Theorem 1.2 of the Appendix, we see at once that if F is a
(closed) subspace of a Hilbert space, then E is the direct sum

E=FoF!

of F and its orthogonal complement, consisting of all vectors perpendicular
to F.

In our exact sequence, we may view f as an injection. For each x we
let o be the orthogonal complement of a, in §,. Then we shall find an
exact sequence of VB-morphisms

BHa—0

whose kernel is ol (set theoretically). In this manner, the collection of
orthogonal complements a;- can be given the structure of a Hilbert bundle.
For each x we can write f, = ax @ oy and we define A, to be the
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projection in this direct sum decomposition. This gives us a mapping
h: B — o, and it will suffice to prove that A is a VB-morphism. In order
to do this, we may work locally. In that case, after taking suitable VB-
automorphisms over a small open set U of X, we can assume that we deal
with the following situation.

Our vector bundle § is equal to U xE and « is equal to U x F for
some subspace F of E, so that we can writt E=F xF.. Our HB-
morphism is then represented for each x by an injection f,: F — E:

UxF-L UxE.

By the definition of exact sequences, we can find two VB-isomorphisms
and ¢ such that the following diagram is commutative:

UxF—farE

UxF — UXxE

and such that the bottom map is simply given by the ordinary inclusion of
Fin E. We can transport the Riemannian structure of the bundles on top
to the bundles on the bottom by means of ¢~! and 7! respectively. We
are therefore reduced to the situation where f is given by the simple
inclusion, and the Riemannian metric on U x E is given by a family 4, of
symmetric positive definite operators on E (x € U). At each point x, we
have (v, w), = (4,v, w). We observe that the map

A: UXxE—- UXxE

given by A, on each fiber is a VB-automorphism of U x E. Let prg be the
projection of U X E on U x F. It is a VB-morphism. Then the composite

h=prgoA
gives us a VB-morphism of U x E on U x F, and the sequence

UxEL UxFo0

is exact. Finally, we note that the kernel of & consists precisely of the
orthogonal complement of U X F in each fiber. This proves what we
wanted.
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VI, §4. HILBERTIAN TUBULAR NEIGHBORHOODS

Let E be a Hilbert space. Then the open ball of radius 1 is isomorphic to
E itself under the mapping

U —
1 -V

the inverse mapping being

I 2
A+ wH)/*

If a> 0, then any ball of radius a is isomorphic to the unit ball under
multiplication by the scalar a (or a7 1).

Let X be a manifold, and 6: X — R a function (morphism) such that
o(x) >0 for all xe X. Let n: E — X be a Hilbert bundle over X. We
denote by E(o) the subset of E consisting of those vectors v such that, if v
lies in E,, then

[v], < o(x).

Then E(0) is an open neighborhood of the zero section.

Proposition 4.1. Let X be a manifold and n: E — X a Hilbert bundle.
Let 0: X — R be a morphism such that o(x) > 0 for all x. Then the
mapping

o(naw)w

(1+ )2
gives dn isomorphism of E onto E(o).

Proof. Obvious. The inverse mapping is constructed in the obvious
way.

Corollary 4.2. Let X be a manifold admitting partitions of unity, and let
n: E— X be a Hilbert bundle over X. Then E is compressible.

Proof. Let Z be an open neighborhood of the zero section. For each
x € X, there exists an open neighborhood ¥, and a number a, > 0 such
that the vectors in 7! (¥,) which are of length < a, lie in Z. We can find
a partition of unity {(U;, ¢;)} on X such that each U, is contained in some
V- We let o be the function

E Ax(i) ;-
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Then E(o) is contained in Z, and our assertion follows from the
proposition.

Proposition 4.3. Let X be a manifold. Let n: E— X and my: E} - X
be two Hilbert bundles over X. Let

A E— E;
be a VB-isomorphism. Then there exists an isotopy of VB-isomorphisms
e E— E
with proper domain [0, 1] such that 2, = A and Ay is an HB-isomorphism.

Proof. We find reductions of E and E; to the Hilbert group, with
Hilbert trivializations {(Uj, 7;)} for E and {(U,, p;)} for E;. We can then
factor p;At;! as in Proposition 2.5, applied to each fiber map:

UxXxE —s UxE — UxE

" Y(U) —] n(U™) - 7' (U)

and obtain a factorization of A into A= Aylp where Ay 1s a HB-
isomorphism and Ap is a positive definite symmetric VB-automorphism.
The latter form a convex set, and our isotopy is simply

A=Ago (tI+ 1+ t)lp).

(Smooth out the end points if you wish.)

Theorem 44. Letr X be a submanifold of Y. Let n: E— X and
71 Ey — X be two Hilbert bundles. Assume that E is compressible. Let
f: E—>Y and g: E| —» Y be two tubular neighborhoods of X in Y.
Then there exists an isotopy

fir: E>Y

of tubular neighborhoods with proper domain [0, 1] and there exists an
HB-isomorphism y: E — E) such that fi = [ and fo = gp.

Proof. From Theorem 6.2 of Chapter IV, we know already that there
exists a VB-isomorphism A such that f=~gA. Using the preceding
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proposition, we know that A =~ u where u is a HB-isomorphism. Thus
g\ =~ gu and by transitivity, f ~ u, as was to be shown.

Remark. In view of Proposition 4.1, we could of course replace the
condition that E be compressible by the more useful condition (in practice)
that X admit partitions of unity.

VH, §5. THE MORSE-PALAIS LEMMA

Let U be an open set in some (real) Hilbert space E, and let f be a CP*?2
function on U, with p 2 1. We say that x; is a critical point for f if
Df(x0) =0. We wish to investigate the behavior of f at a critical point.
After translations, we can assume that xp =0 and that f(xp) =0. We
observe that the second derivative D2 f(0) is a continuous bilinear form on
E. Let A= D?f(0), and for each x € E let 4, be the functional such that
¥+ Mx,y). If the map x — A, is a toplinear isomorphism of E with its
dual space EY, then we say that 1 is non-singular, and we say that the
critical point is non-degenerate.

We recall that a local CP-isomorphism ¢ at 0 is a CP-invertible map
defined on an open set containing 0.

Theorem 5.1. Let f be a CP*? function defined on an open neighborhood
of 0 in the Hilbert space E, with p 2 1. Assume that f(0) =0, and that

0 is a non-degenerate critical point of f. Then there exists a local CP-
isomorphism at 0, say ¢, and an invertible symmetric operator A such

that
[ (%) = (4p(x), ¢(x))-
Proof. We may assume that U is a ball around 0. We have
1
169 = 169~ 10) = | Drienyxa,

and applying the same formula to Df instead of f, we get

f(x)= JIJI D?f (stx)tx - x ds dt = g(x)(x, X)
where -

g(x) = J: j: D2f(stx)t ds dt.

Then g is a C? map into the Banach space of continuous bilinear maps on
E, and even the space of symmetric such maps. We know that this
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Banach space is toplinearly isomorphic to the space of symmetric opera-
tors on E, and thus we can write

f(x) = (4(x)x, x)

where 4: U — Sym(E) is a C?” map of U into the space of symmetric
operators on E. A straightforward computation shows that

DY (0)(v, w) = (A(0)o, W),

Since we assumed that D?f(0) is non-singular, this means that A4(0) is

invertible, and hence A4(x) is invertible for all x sufficiently near 0.
Theorem 5.1 is then a consequence of the following result, which

expresses locally the uniqueness of a non-singular symmetric form.

Theorem 5.2. Let A: U — Sym(E) be a C? map of U into the open set
of invertible symmetric operators on E. Then there exists a C? iso-
morphism of an open subset Uy containing 0, of the form
o(x) = C(x)x, with a C° map C: U; — Laut(E)
such that
(A(x)x, x) = (4(0)p(x), p(x)) = (4(0)C(x)x, C(x)x).
Proof. We seek a map C such that
C(x)*4(0)C(x) = A(x).
If we let B(x) = A(0)~'4(x), then B(x) is close to the identity I for small
x. The square root function has a power series expansion near 1, which is

a uniform limit of polynomials, and is C* on a neighborhood of I, and
we can therefore take the square root of B(x), so that we let

C(x) = B(x) 12,

We contend that this C(x) does what we want. Indeed, since both 4(0)
and A(x) (or A(x)™") are self-adjoint, we find that

B(x)" = A(x)4(0) ™,

e B(x)* 4(0) = A(0)B(x).

But C(x) is a power series in I — B(x), and C(x)" is the same power series
in I — B(x)*. The preceding relation holds if we replace B(x) by any
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power ot: B(x) (by induction), hence it holds if we replace B(x) by any
polynomial in 7 — B(x), and hence finally, it holds if we replace B(x) by
C(x), and thus

C(x)*A(0)C(x) = A(0)C(x)C(x) = A(0)B(x) = A(x).

which is the desired relation.
All that r_emains to be shown is that ¢ is a local CP-isomorphism at 0.
But one verifies that in fact, Dg(0) = C(0), so that what we need follows

from the inverse mapping theorem. This concludes the proof of Theorems
5.1 and 5.2.

Corollary 5.3. Let f be a CP™? function near O on the Hilbert space E,
such that 0 is a non-degenerate critical point. Then there exists a local
CP-isomorphism  at 0, and an orthogonal decomposition E = F + F*,
such that if we write Y(x)=y+z with yeF and z € F*, then

S x) =y, y) ~ (2 2).

Proof. On a space where A is positive definite, we can always make the
toplinear isomorphism x —A2x to get the quadratic form to become the
given hermitian product (,), and similarly on a space where 4 is negative
dfeﬁnite. In general, we use the spectral theorem to decompose E into a
direct orthogonal sum such that the restriction of 4 to the factors is
positive definite and negative definite respectively.

Note. The Morse—Palais lemma was proved originally by Morse in the
finite dimensional case, using the Gram—Schmidt orthogonalization pro-
cess. The elegant generalization and its proof in the Hilbert space case is
due to Palais [Pa 69]. It shows (in the language of coordinate systems)
that a function near a critical point can be expressed as a quadratic form
after' a suitable change of coordinate system (satisfying requirements
of dlﬁerentiability). It comes up naturally in the calculus of variations.
For instance, one considers a space of paths (of various smoothness)
o: [a,b] - E where E is a Hilbert space. One then defines a length
function (see next section) or the energy function

b
1) = @, o0 as

aqd_ one investigates the critical points of this function, especially its
minimum values. These turn out to be the solutions of the variational
problem, by definition of what one means by a variational problem. - Even
ff E is finite dimensional, so a Euclidean space, the space of paths is
infinite dimensional. Cf. [Mi 63] and [Pa 63).
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Vil, §6. THE RIEMANNIAN DISTANCE

Let (X, g) be a Riemannian manifold. For each C! curve

y: fa, ] - X
we define its length

b b
L) =10) = [ /0, v = | Iyl e

The norm is the one associated with the positive definite scalar product,
i.e. the Hilbert space norm at each point. We can extend the length to
piecewise C' paths by taking the sum over the C 1 curves constituting the
path. We assume that X is connected, which is equivalent to the property
that any two points can be joined by a piecewise C! path. (If X is
connected, then the set of points which can be joined to a given point
xp by a piecewise C! path is immediately verified to be open and closed,
so equal to X. The converse, that pathwise connectedness implies con-
nectedness, is even more obvious.)

We define the g-distance on X for any two points x, y€ X by:
dist,(x, y) =greatest lower bound of L(y) for paths y in X joining x and y.

When g is fixed throughout, we may omit g from the notation and write
simply dist(x, y). It is clear that dist, is a semidistance, namely it is
symmetric in (x, y) and satisfies the triangle inequality. To prove that it is
a distance, we have to show that if x # y then dist,(x, y) > 0. In a chart,
there is a neighborhood U of x which contains a closed ball B(x, r) with
r > 0, and such that y lies outside this closed ball. Then any path between
x and y has to cross the sphere S(x, r). Here we are using the Hilbert
space norm in the chart. We can also take r so small that the norm in the
chart is given by
(v, Wy = (v, A(x)w),

for v, w € E, and x — A(x) is a morphism from U into the set of invertible
symmetric positive definite operators, such that there exist a number
C; > 0 for which

A(x) 2 I for all xe B(x, r).

We then claim that there exists a constant C > 0 depending only on r,
such that for any piecewise C! path y between x and a point on the sphere
S(x, r) we have

L(y)zCr.
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T.his \.vill prove that dist,(x, y) = Cr > 0, and will conclude the proof that
dist, is a distance.

By breaking up the path into a sum of C! curves, we may assume
without loss of generality that our path is such a curve. Furthermore, we
may take the interval [a, b] on which y is defined to be such that ¥(b)
is the first point such that y() lies on S(x, r), and otherwise y(8) € B(x, r)

for te|a, b].. Let y(b) = ru, where u is a unit vector. Write E as an
orthogonal direct sum

E=Ru lF,

where F is a closed subspace. Then y(f) = s(f)u = w(f) with [s(f)| <r
S(a) =0, S(b) =r and W(t) eF. Then l ( )I =1,

b b
L) = [ Il 4= [ ¢, 40wy ) a
b
Yok f @@, Y @) dr

b
> ¢/ ZJ |s'(r)| d¢ by Pythagoras

= Cll 2,
as was to be shown.

In addition, the above local argument also proves:

Prol?osition 6.1. The distance dist, defines the given topology on X.
Equtvalenfly, a sequence {x,} in X converges to a point x in the given
topology if and only if disty(x,, x) converges to 0.

We conclude this section with some remarks on reparametrization. Let

?: [a, b]—)X

be a piecewise C! path in X. To reparametrize y, we may do so on each
subinterval where y is actually C!, so assume y is C!. Let

¢: [c, d] — [a, b]

be a C' map such that ¢(c) = a and ¢(d) = b. Then yog is C', and is
called a reparametrization of y. The chain rule shows that

L(yog) = L(y).
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Define the function s: [a, b)) = R by

s() = J ' o, de  so sB)=L=L0).

Then s is monotone and s(a) = 0, while s(b) = L(y). Suppose that there is
only a finite number of values ¢ € [a, b] such that y'(f) = 0. We may then
break up [a, b] into subintervals where y(z) # 0 except at the end points of
the subintervals. Consider each subinterval separately, and say

a<aq <b<b

with y(f) # 0 for t € (a1, b1). Let s(a;) be the length of the curve over the
interval [a, a1]. Define

t
s(t) = s(am) + J ”y'(t)"g d for a<t=<bh.
@a

Then s is strictly increasing, and therefore the inverse function ¢ = ¢(s) is
defined over the interval. Thus we can reparametrize the curve by the
variable s over the interval a) <t < by, with the variable s satisfying

s(a) < 5 < s(b1).
Thus the whole path y on [a, b] is reparametrized by another path
yog: [0, L] » X
via a piecewise map f: [0, L] — [a, ], such that
[Gop)®l,=1 and Lirog)=s

We now define a path y: [a, b] — X to be parametrized by arc length if
7% (t)||g =1 for all 1€ [a, b. We see that starting with any path y, with
the condition that there is only a finite number of points where y’(f) =0
for convenience, there is a reparametrization of the path by arc length.

Let f: Y — X be a C” map with p = 1. We shall deal with several
notions of isomorphisms in different categories, so in the C? category,
we may call f a differential morphism. Suppose (X, g) and (Y, k) are
Riemannian manifolds. We say that f is an isometry, or a differential
metric isomorphism if f is a differential isomorphism and f*(g) = h. If f
is an isometry, then it is immediate that f preserves distances, i.e. that

disty(f(31), f(32)) = dista(»1, y2)  forall y;,y2€Y.
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Note that there is another circumstance of interest with somewhat weaker
conditions when f: Y — X is an immersion, so induces an injection
Tf(y): T, Y — Ty,)X for every ye Y, and we can speak of f being a
metric immersion if f*(g) =h. It may even happen that f is a local
differential isomorphism at each point of y, as for instance if f is covering
map. In such a case, f may be a local isometry, but not a global one,
whereby f may not preserve distances on all of ¥, possibly because two

points y; # y, may have the same image f(y1) = f(32)-

VI, §7. THE CANONICAL SPRAY

We now come back to the pseudo Riemannian case.

Let X be a pseudo Riemannian manifold, modeled on the self dual
space E. The scalar product (, ) in E identifies E with its dual EV. The
metric on X gives a toplinear isomorphism of each tangent space 7,(X)
with T (X). If we work locally with X = U open in E and we make the
identification

T(U)=UxE and TY(U)=UxEY ~T(U)

then the metric gives a VB-isomorphism

h: T(U)— T(U)
by means of a morphism

g: U— L(E, E)
such that A(x, v) = (x,g(x)v). (In the finite dimensional case, with respect
to an orthonormal basis, g(x) is represented by a symmetric matrix
(95(x)), so the notation here fits what’s in other books with their gij.) The
scalar product of the metric at each point x is then given by the formula

(v, w), = (v, g(x)w) = (g(x)v, w)  for v, weE.

For each x € U we note that g'(x) maps E into L(E, E). For x e U and
u,ve E we write

(9'(x)u)(v) = g'(¥)u - v = ¢’ (X)(w, v).

From the symmetry of g, differentiating the symmetry relation of the
scalar product, we find that for all , v, weE,

(9'(x)u-w, v) = (g’ (xX)u- v, w).

[VLL, §7] THE CANONICAL SPRAY 193

So we can interchange the last two arguments in the scalar product
without changing the value.
Observe that locally, the tangent linear map

T(h): T(T(V)) - T(T(U))
is then given by

T(h): (x, v, w1, ug) > (%, g(x)v, w1, g’ () - v + g(x)uz).

If we pull back the canonical 2-form described in Proposition 7.2 of
Chapter V from TV(U)~ T(U) to T(U) by means of h then its de-
scription locally can be written on U x E in the following manner.

(1) (Qqx,v), (w1, u2) X (w1, w2)) = (w1, g(x)w2) — (u2, g(x)wi)
—{g' (x)u1 - v, wy) + (g'(x)w1 - v, w1).

From the simple formula giving our canonical 2-form on the cotangent
bundle in Chapter V, we see at once that it is nonsingular on T(U). Since
h is a VB-isomorphism, it follows that the pull-back of this 2-form to the
tangent bundle is also non-singular.

We shall now apply the results of the preceding section. To do so,
we construct a I-form on T(X). Indeed, we have a function (kinetic

energy!) oy

given by K(v)=1(v,v), if v is in T,. Then dK is a l-form. By
Proposition 6.1 of Chapter V, it corresponds to a vector field on T(X),
and we contend:

Theorem 7.1. The vector field F on T(X) corresponding to —dK under
the canonical 2-form is a spray over X, called the canonical spray.

Proof We work locally. We take U open in E and have the double
tangent bundle
(U xE)x(E x E)

UxE
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Our function K can be written
K(x, v) =10, v), = §(v, g(x)0),
and dK at a point (x, v) is simply the ordinary derivative
DK(x,v): ExE —>R.

The derivative DK is completely described by the two partial derivatives,
and we have

DK(x, v) - (w1, w2) = D1K(x, v) - w1 + D2K(x, v) - wy.
From the definition of derivative, we find

DiK(x, v) - wi =1(v, g'(X)w1 - v)

D2K(x, v) - wz = (w2, g(x)v) = (v, g(x)w2).
We use the notation of Proposition 3.2 of Chapter IV. We can represent
the vector field F corresponding to dK under the canonical 2-form Q by

a morphism f: UxE — E xE, which we write in terms of its two
components:

Sf(x, v) = (ﬁ('x’ v), fa(x, v)) = (w1, ua).

Then by definition:

(2) (Q(x,v), (fl(x7 U)7f2(x’ U)) X (Wla W2)> = (DK(.X, U): (Wh WZ))
= D1 K(x, v} - wi + (v, g(x)ws).

Comparing expressions (1) to (2), we find that as functions of w, they have
only one term on the right side depending on w,. From the equality of the
two expressions, we conclude that

(fl (x1 v)a g(X)Wz) = (v7 g(x)WZ)

for all w;, and hence that fi(x, v) = v, whence our vector field F is a
second order vector field on X.

Again we compare expression (1) and (2), using the fact just proved
that u; = fi(x, v) = v. Setting the right sides of the two expressions equal
to each other, and using u; = f5(u, v), We obtain:
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Proposition 7.2. In the chart U, let f=(fi,f2): UXE—-ExE
represent F. Then f(x, v) is the unique vector such that for all wy € E
we have:

{falx, v), g(x)w1) = 3(g'(x)w1 - v, v) — (g (x) - v~ v, wi).

From this one sees that f; is homogeneous of degree 2 in the second
variable v, in other words that it represents a spray. This concludes the
proof of Theorem 7.1.

Remark. Having represented fy ,(x, v) in the chart, we could also
represent he associated bilinear map By. We shall give the formula for
By in the context of Theorem 4.2 of Chapter VIIL



CHAPTER Vil

Covariant Derivatives and
Geodesics

Throughout this chapter, by a manifold, we shall mean a C*® manifold,
Jor simplicity of language. Vector fields, forms and other objects will also
be assumed to be C* unless otherwise specified. We let X be a manifold.
We denote the R-vector space of vector fields by U'T(X). Observe that
I'T(X) is also a module over the ring of functions § = F*(X) = Fu(X).
We let

. TX - X

be the natural map of the tangent bundle onto X.

Vill, §1. BASIC PROPERTIES

By a covariant derivative D we mean an R-bilinear map
D: IT(X)xI'T(X) - I'T(X),
denoted by (&, #) — Dy, satisfying the two conditions:
COVD 1. (a) In the first variable &, Dy is Fu-linear.
(b) For a function ¢, define Do = &p = Zrp to be the Lie
derivative of the function. Then in the second variable 7,

Degn is a derivation. Thus (a) and (b) can be written in the
form:

Dyity = pDen and  De(gn) = (Deg)n + ¢Den.
COVD 2. Dgnp — Dyé = [¢, 7).
196
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Remark. This second condition can be eliminated to give rise to a more
general notion, following the ideas of a connection as described at the end
of Chapter IV, §3. However, we concentrate here on what we need for
some basic results, rather than develop systematically the general theory of
connections.

Having defined D; on functions and vector fields, we may extend the
definition to all differential forms, or even to multilinear tensor fields. Let
o be in TL"(T(X)), ie. @ is a multilinear tensor field on X, not nec-
essarily alternating. We define D:w by giving its value on vector fields
Ny, 4,, Damely

r

(wa)(']h"':ﬂr) = ='?f(w(”l,""']r)) e Z w(ﬂl"-"D£”j=-' "']r)'
Jj=1

The definition of D, is such that D, satisfies the derivation property with
respect to the r+ 1 variables w, 7,,...,7,, that is

r
D-’,‘(w(’hv--- a']r)) = (Diw)(ﬂla-- -7’7r) +Z w(']lv--' an”j’--'aﬂr)'
=1

Recall that Dy = &%; on functions, as on the left side of this equation.
Looking in a local chart shows that Dy is again a muitilinear tensor
field. It is immediate from the definition that if @ is alternating, then so is
D;w. In particular, D is a derivation with respect to contractions and it is
also a derivation with respect to the wedge product, that is:

COVD 3. Ds(won) = (Dw)on; + wo Deny.

COVD 4. On the algebra of alternating forms, the covariant derivative
D is a derivation, in the sense that for two forms w and y,
we have

De(w A y) =Dews Ay + @ A Dgy.

The proof comes directly from the definition of the wedge product in
Chapter V, §3. In the finite dimensional case, when a form is a sum of
decomposable forms, i.e. wedge products of forms of degree 0 and 1, it
follows that the above definition is the unique extension of D to the
algebra of differential forms. Furthermore, similarly to the formula of
Proposition 5.1 of Chapter V, for the Lie derivative of a form, one has:
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COVD 5. (Lrw)(m,---,1,)

r
= (De)(ty, -, 1) + Y _ (s, Dys 1)
i=1

which is an alternative to

“S’pf(w(ﬂlv' "’ﬂr)) = (wa)(”l!"'!ﬂr)

+ 301y, Detfis -1 10,)-
i=1

COVD 6. (dw)(&, &, ---,&)

. Z (_l)t(Df,w)(él’ vy éi—l) 60) éi+h LR 7ér)-

i=0

Proof. One uses the formulas given in propositions of Chapter V,
Proposition 3.2, for dw, and Proposition 5.1 for the Lie derivative. One
replaces brackets [f, y] by Dgy — D,f. The desired formulas drop out.
Note that only COVD 2 has been used in the proof.

Next we give a finite dimensional formula. Recall that a frame of
vector fields &,,...,&, is such that for each x, {&,(x),...,&,(x)} is a basis
of T,.X.

Proposition 1.1. Let {&,...,&,} be a frame of vector fields. Let
{A1, ..., 2} be the dual frame of 1-forms (so Xi(&;) = &5). For any form
we A (X) we have

do =Y Ji A Dgo.
i=1

Proof. Let d'w =72 A Dgw. Then d’ defines an anti-derivation of
the alternating algebra of forms, that is if i € &/9(x) for any g, then

d'way)=(do)Ay+(-1)ondy.

Furthermore, d’ =d on functions (as is immediately verified), and we
verify that d’ =d on &/'(X) as follows:

(d'o)& 1) = _ (4 A Deo)(&, 1)
= (&E)Dg o, 1) — Miln)(Deo, &)
= Z (D@, 1) — (Dagye, €)]
. (Diwr ']) - (D”CO, é)
= (dw)(&, 1) by COVD 6,
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which concludes the proof for 1-forms. Since 1-forms generate the algebra
of forms in the finite dimensional case, the proposition is proved in
general.

The above finite dimensional formula won’t be used until we meet
strictly finite dimensional results, in connection with volume forms
and integration. We included it here for completeness of the general
formalism. We now return to the general case which may be infinite
dimensional.

We can extend the covariant derivative to TX-valued forms i.e. sections
of the bundle L"(TX, TX). If w is such a section, we define Do by its
values on vector fields #,,...,7, to be

r

(Deo)(m, - .- 1,) = De(0(tpy, -, 1)) = >, @11, -+, Deljs - - 71,),
=1

so Dy satisfies the derivation property with respect to the r 4+ 1 variables ,
M- --,1,- We note that w(n,,...,7,) € I'TX is a vector field, so we know
how to apply the covariant derivative Dg(w(ny,...,%,)) instead of
ZLe(o(m,-- . ,n,)) for ordinary R-valued forms, in which case (7, .. ,7,)
is a function on X. When « is TX-valued, we have on the other hand

gf(w(ﬂla"':ﬂr)) = [61 w(']l’" "”r)]'

A local formula will be given in Proposition 2.2.

VI, §2. SPRAYS AND COVARIANT DERIVATIVES

Let F be a spray over a manifold X. In a chart U, we index geometric
objects by U to indicate their representatives in the chart. Thus the
representative & of a vector field over U is a morphism

éy: U—E.

Similarly, we have the symmetric bilinear map associated with the spray,
and its representative

By(x) = 3D3 fy,2(x, 0),

where fy; , is the second component of the representative for the spray, as
described in Chapter IV, §3.

Theorem 2.1. Given a spray F over X, there exists a unique covariant
derivative D such that in a chart U, the derivative is given by the local
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Jormula
(Den)y(x) = ny(x)éu(x) — By (x; Eu(x), ny(x))-

Or, suppressing the index U for simplicity, and thus using &, n to denote
the local representatives of the vector fields in the chart, we have

(Den)(x) = ' (x)E(x) — B(x; &(x), n(x))

or simply
Dey=1n'-&— B, n).

Proof. Let us define Dy over U by the formula of the theorem. It is
immediately verified that Dy is a vector field over U, and that the
association (&, #7) — Dgn is a covariant derivative over U: It is Fu(U)-
linear in the variable &, it is a derivation in the variable # with respect to
multiplication by functions, and we have

Den — D& = [&, 7).

This last property follows from the representation of the bracket in a chart
given by Proposition 1.3 of Chapter V. Thus a spray gives rise to a
covariant derivative in a chart, in a natural fashion.

We now claim that when the spray is given globally, there exists a
unique covariant derivative on the manifold X which has the above
representation in a chart. For this we must verify how the local rep-
resentation changes under a change of chart. Let

h: U=V
be a C*-isomorphism, i.e. a change of chart. Then we claim that the
natural image of D¢, #y under the change of chart is Dg, 7, so that we
may define D,z for any two vector fields on the manifold via the local

representations.
In other words, we have to verify that

(De,ny) (h(x)) = K (x)(Dey10)(%)-

1y (k(x)) = B (x)ny(x),

whence by the rule for the derivative of a product, we obtain

But we have

(1 0 b (x) = K' (X} (x) + ' (x)7, (%)

Hence putting v = &y(x), w=ny(x), we get by using the change of
variable formula for a spray in a chart, Proposition 3.3 of Chapter IV,
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together with the fact that #”(x) is a symmetric bilinear map:

(Deyny) ((x)) = iy (h(x))H (x)&u(x) — By (h(x); b’ (x)v, ' (x)w)
= (v o h) ()&u(x) — K" (x)(v, w) — K (x)Bu(x; v, w)
= H'(x)(w, v) + K ()1 (x)Eu(*)
— H'(x)(v, w) — K’ (x)By(x; v, w)
= ' (x)(1y(x)éu(x) — Bu(x; v, w))
(appreciate the cancellation!)

= k' (x)(Den)y (x),

which proves the change of variable formula, and therefore concludes the
proof of Theorem 2.1.

The covariant derivative defined in Theorem 2.1 will be called the
covariant derivative determined by the spray, or associated with the spray.
As mentioned previously, one could give a similar definition of a covariant
derivative associated to any connection (even without the symmetry
condition on the bilinear map).

There is of course an analogous local representation for differential
forms as follows.

Proposition 2.2. Let welL(TX,R) or I'L'(TX,TX). Let ¢,
M,---.1, be vector fields over X. If w e TL'(TX,R), then in a chart
U we have the formula

(Dcw)U(ﬂan LR ’ﬂrU)

r
= oy(Ev)mys 1) + Y oulmu, - Bu&u, tv)s -2 1h)-
=

If 0eTL'(TX, TX), then

(Dfa))U(ﬂlU’ OO )']rU) = same expreSSion . BU(éUy C()U(']an LR 1’7rU))‘

Proof. This comes directly from the definitions in §1. Observe that in
applying the definitions, the sum

r
Z wU(']lUV""]iU '6""7']rU)

j=1

occurs twice, once with a + sign and once with a — sign, so cancels in the
end.
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For the limited purposes of this book, we will not need the proposition.
It has an analogue for lifts of curves, which we shall discuss briefly at the
end of §3.

Converse, from covariant derivatives to sprays

We now wish to discuss the converse of Theorem 2.1, and for this purpose,
we have to make general remarks on localization. Let E be a Banach
space. We say that E admits cut off functions if given two positive real
numbers 0 < r < s, there exists a C®-function (simply called function) ¢
such that ¢ =1 on the ball B,(0) and ¢ = 0 on the complement of B,(0).
Given any point xy € E, we may then find similarly a function which is 1
in the ball B,(x¢) and O outside B,(x¢). If X is a manifold modeled on
E, then one can then find such cut off functions equal to 1 in a given
neighborhood of a point, and 0 outside a slightly larger neighborhood.
Manifolds modelled on a Hilbert space, and especially finite dimensional
manifolds, admit cut off functions.

Assume that X admits cut off functions. Let E be a vector bundle over
X, and let £ be a section of E. Let xo € X. Let ¢ a cut off function near
xo. Then ¢ is a section of E, having the same values as £ in a
neighborhood of xp. Suppose that E=TX and that D is a covariant
derivative. Then

(Den)(x) = (Dyzn)(x)

for all x in a sufficiently small neighborhood of x, because D is Fu-linear
in the first variable. Since ¢ is constant near xp, it follows that

(Zro)(x) =0 for x near xo,

and it therefore follows also that

(De(om) () = (Den)(x)

for all x sufficiently close to xg.

Now given an open neighborhood Up of xp corresponding to a chart,
we pick out off functions ¢, Y near x such that the supports of ¢,  are
contained in Up, and ¢, y =1 on an open neighborhood U of x whose
closure is contained in Uy. Then U also corresponds to a chart, and we
may compute

(Den)(x) = (Doe(¥m))(x)  for xe U.

Thus the determination of the values of a covariant derivative can be
carried out locally in a chart. We still need a criterion when the value of
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the covariant derivative at a given point depends only on the value of ¢ at
the given point.

Lemma 2.3, Let E, F be vector bundles over X, with E finite dimensional
and X admitting cut off functions. Let

H:TE-TF

be a linear map which is Fu(X)-linear, that is H(pf) = pH(E) for
@ € Fu. Given a point x € X, the value H(E)(x) depends only on the value
¢(x)-

Proof. It suffices to prove that if &(xg) =0 then H(&)(x9) = 0. There
exists a cut off function ¢ near xo by assumption, so we may give the
proof locally. By assumption, there exists a finite number of sections
e, ...,e of E which form a basis for the sections locally, so there exist
functions ¢, ...,¢, such that

(=ge1+---+oe
locally. Then
H(¢) =g H(e1) +---+ ¢, H(e,).

The condition &(xp) = 0 is equivalent with the conditions g;(xp) = 0 for all
i. Hence H(&)(xo) =0, thus proving the lemma.

Observe that when we obtain a covariant derivative from a spray, the
value of the covariant derivative at a point x depends only on the value of
the vector field &(x) (a derivative of # however enters). This was clear
from the local formula in Theorem 2.1, because for instance By(x; u, w) is
defined for arbitrary vectors #, w which can then be taken to be the values
Ey(x) and #y(x) respectively.

Conversely, we are now interested in reversing the procedure. Speci-
fically, let D be a covariant derivative. We assume the existence of cut off
functions throughout. In a chart over an open set U in E, define

(Bu) By(x; &, n) = 1'(x)&(x) — (Dg, u)(x)-

It is immediately verified from the two properties of a covariant derivative
that By(x) is symmetric in &y, 7 by COVD 2, and then By(x) is Fu(U)-
bilinear in &y, #y. Given vectors u, w e E one wants to define

By (x)(u, w) = By(x; &(x), n(x))

for any vector fields &, # such that &(x) = » and #(x) = w. At this point,
we need to know that the value on the right of (By) is independent of the
vector fields &, # chosen so that &(x) = v and n(x) = w. By Lemma 2.3 we
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can certainly achieve this in the finite dimensional case, and in that case
we obtain:

Theorem 2.4. Assume X finite dimensional. Then the association of a
covariant derivative to a spray establishes a bijection between sprays over
X and covariant derivatives.

In practice, Theorem 2.4 is not that useful (and it will NOT be used
in this book) because one either starts from a spray to get a covariant
derivative, or if one starts from some natural covariant derivative, and one
needs the spray, the situation provides the tools to show that a spray can
indeed be defined in a natural manner to give the covariant derivative. We
shall see an example of this in §4, when we discuss the Riemannian
covariant derivative. Furthermore, the finite dimensional device used in
Lemma 2.3 has had historically the unfortunate effect of obscuring the
natural bilinear map B, thus obscuring a fundamental structure in ex-
positions of differential geometry. Quite generally, connections on any
vector bundle give rise to covariant derivatives. These are applicable to
many contexts of topology and analysis, see for example [BGV 92],
Chapter I, and also for instance [MokSY 93] for an entirely different
direction.

Vill, §3. DERIVATIVE ALONG A CURVE
AND PARALLELISM

Instead of using vector fields &, # we may carry out a similar construction
of a differentiation dealing only with curves, as follows. (For arbitrary
maps instead of curves, see Eliasson [El 67].) We continue to denote by F
a spray over X. Let n: TX — X be the tangent bundle, and let

o Jo X

be a C! curve. By a lift y of o« to 7X we mean a C! curve y: J —» TX
such that 7y = a. We then also say that y lies above «. We denote the set
of lifts of a by Lift(«). It is clear that Lift(a) is a vector space over R, and
a module over the ring of functions on J. We wish to define D,y in a way
analogous to the way we defined D7 for vector fields &, 7. This is done
by the next theorem. As in §2, we let By denote the bilinear map asso-
ciated to the spray in a chart U.

Theorem 3.1. There exists a unique linear map

D,: Lift(e) — Lift(a)
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which in a chart U has the expression

(Da’y)U(t) = )’b(t) - BU(a(t); a’U(t)v yU(t))'

The map Dy satisfies the derivation property for a C' function ¢ on J:
(Do (7)) (1) = ¢'()(Dary)(8) + @() (D) (1)

Remark. In the present context, the local representation y; of a curve
in TU = U x E is taken to be the map on the second component, i.e.

yU: J—E.

Thus yy(¢) is the ordinary derivative, with values y7,(¢) € E. Note that in
the case of the representation ay: J — U, we have ay,(f) € E also. Thus
oy (1), yy(f) and yy(t) are “vectors.”

Proof of Theorem 3.1. The proof is entirely analogous to the proof for
Theorem 2.1, using the local representation of the bilinear map By asso-
ciated with a spray in charts. We have to verify that the formula of
Theorem 3.1 transforms in the proper way under a change of charts, i.e.
under an isomorphism h: U — V. Note that the local representation y,
of the curve by definition is given by

ry(t) = h,(“U(t))YU(t)-

Therefore by the rule for the derivative of a product, we find:

Y l8) = H' (aw(9) (0(8), vo(9)) + K (au(9), 5 (9))-

Hence using the transformation rule from By to By, Proposition 3.3 of
Chapter IV, we get

(Dury)p (1) = vy () — By (a(t) ; o (£), 74 (1))
= 1" (aw (1)) (o (1), v (D) + K (2w () vy (1)
— K" (aw () (s (8), Yy (1))
— ' (ay (8)) Bu («(t), ay(2), yu (D))
= h'(ay(8))(Dwy)y(t) (because the A" term cancels!),
which proves the desired transformation formula for (Dyy), in charts.
Thus we have proved the existence of D,y as asserted. Its being a

derivation is immediate from the local representation in charts. This
concludes the proof of Theorem 3.1.
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Corollary 3.2. Let 1 be a vector field and suppose y(t) = n(a(t)), teJ.
Let & be a vector field on X such that o (1p) = & (tx(t())) for some tyeJ.

Then
(Dery)(t0) = (Den) (o(t0))-

Proof Immediate from the chain rule and the local representation of
Theorem 3.1.

Let a: J — X be a C?-morphism. We say that a lift y: J — TX of « is
o-parallel if Dy =0. In the chart U, this is equivalent to the condition

that
Yu() = Bu(aw(2); ay (D), yu (D),

which defines a first-order linear differential equation for ;. From
Chapter IV, §3, (3), we conclude:

A curve a is a geodesic for the spray if and only if Dyo’ =0, that is, if
and only if o' is o-parallel.

Theorem 3.3. Let a: J — X be a C? curve in X. Let tyeJ. Given
v € Ty,) X, there exists a unique lift y,: J — TX which is a-paralled and
such that y,(t) = v. Let Par(a) denote the set of a-parallel lifts of o. The
map vy, is a linear isomorphism of Ty)X with Par(a).

Proof. The existence and uniqueness simply comes from the existence
and uniqueness of solutions of differential equations. Note that from the
linearity of the equation, the integral curve y is defined on the whole
interval of definition J by Proposition 1.9 of Chapter IV.

Of course, the notion of parallelism is with respect to the given spray,
which has been left out of the notation. We express the linearity of
Theorem 3.3 another way in the next theorem.

Theorem 3.4. Fix tyeJ. For teJ define the map
Pt

1,0

=P Ty X — Ty X by Pi(v) = y(t, v),

where tv— y(t, v) is the unique curve in TX which is a-parallel and
¥(to, v) =v. Then P! is a linear isomorphism.

Proof. We must verify that
P'(sv) = sP'(v) and P'(v+w) = P'(v) + P'(w) forseR and v,we T,X.

But these properties follow at once from the linearity of the differential
equation satisfied by y, and the uniqueness theorem for its solutions with
given initial conditions.

The map P, is called parallel translation along o.
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Multilinear tensor ficlds

Instead of dealing with vector fields, we may deal with 7X-valued
multilinear tensor fields, or R-valued multilinear tensor fields at essentially
no extra cost. Let E denote either TX or R. We extend D, to a linear
map

Dy Lift(e, L'(TX, E)) — Lift(o, L'(TX, E))

as follows. Let w: J — L'(TX, E) be a lift of a: J — X. Let ny,...,7,
be lifts of « in TX (sometimes called vector fields along the curve o). We
define Dy by its values on (7y,...,7,) to be

r
(Da’w)(’h) Lo 7’7r) = Da'(w(’h?' .- a”r)) - zw('h, oo 1Da”7j)- e )ﬂr)'
j=1

Thus D, satisfies the Leibniz rule for the derivative of a multifold product
with the r + 1 variables o, 7;,...,7,. Note that if n,,...,#, are a-parallel,
s0 Dy7; = 0, then the formula simplifies to

(Du'w)(ﬂlv R ”77) = Du’ (w(ﬂl’ “ee ’7]7))-

We shall obtain a local formula as usual. Given an index j, we define a
linear operator C; g, of TL'(TX, E) into itself by

(G p.a®) (s - - >1y) = (1, -, Blas o', 77), .., 7,)-

Proposition 3.5 (Local Expression). Let o = wy, 1; =1y elc. represe.nt
the respective objects in a chart U, omitting the subscript U to simplify
the notation. Then

(Da'w)(ﬂli""”r) = wl(ﬂl’- ceafly) = B(‘x" «, w(ﬂl""’”r))‘sE,TX

r
+ZCO(I]1,...,B(M; a,, ”j)""’”r)
=1
or also

r
Dyw =o' — B(a; o, )0, x + Z G, B,a,
=

where dg7x =1 if E=TX and 0 if E=R.

This comes from the definition at the end of §1, and the fact that the
ordinary derivative

(wAU(”IUv QRO 7”rU)),
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in the chart is obtained by the Leibniz rule (suppressing the index U)
(w(ﬂl,- 0O 1’7r))l = 60,(771,. b 7’7r) + Zw(”lv- . 7’7]{1' b vﬂr)'

Corollary 3.6. Let E=TX or R as above. Let Q: X — L'(TX, E) be
a section (so a tensor field), and let w(t) = Q(o(t)), teJ. Let e J.
Let & be a vector field such that o (ty) = &(a(to)). Then

(Do )(10) = (DeQ)(e(t0))-

Proof. Immediate from the chain rule and the local representation
formula.

A lift y: J - L'(TX, E) is called a-parallel if D,y =0. The local
expression in a chart U shows that the condition Dyy=0 is locally
equivalent to the condition

r
Y =B, y) =Y Cipar-
=

Of course, we have suppressed the subscript U from the notation. Thus
the condition of being o-parallel defines locally an ordinary linear differ-
ential equation, and we obtain from the standard existence and uniqueness
theorems:

Theorem 3.7. Let tyeJ and wye UL (Tyu)X, Eyyyy)- There exists a
unigue curve y: J — L'(TX, E) which is a-parallel and such that y(t) =
wo. Denote this curve by y,,. The map

Qg — ywo

establishes a linear isomorphism between the Banach space
L'(Tou)X, Eo)) and the space of lifis Lift(a, L'(TX, E)).

We have now reached a point where we have the parallelism analogous
to the simplest case of the tangent bundle as in Theorem 34.

Theorem 3.8. Let the notation be as in Theorem 3.7. For t € J define the
map
Pt

Io, 0

= P.: L'(Tuu) X, Eus)) = L' (Toy X, Euqy)
by
P:t(wo) b 7(t1 wo)x

where t — y(t, wy) is the unique a-parallel lift of o with y(0, wp) = wp.
Then P! is a linear isomorphism.
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Proof. This follows at once from the linearity of the differential
equation satisfied by y, and the uniqueness theorem for its solutions with
given initial conditions.

Example. The metric g itself is a symmetric bilinear R-valued tensor to
which the above results can be applied.

Viill, §4. THE METRIC DERIVATIVE
Let (X, g) be a pseudo Riemannian manifold. Let
<U’ w)g = (U’ W)g(x)

denote the scalar product on the tangent bundle, with v, w € Ty for some
x. If & n are vector fields, then (£, 7) g is a function on X, whose value at

a point x is
(é(X), ﬂ(X))g = (é(X), ”(x))g(x)
If { is a vector field, we denote

UE, my = Di(&, my = Li(8s 1)y

Theorem 4.1. Let (X, g) be a pseudo Riemannian manifold. There exists
a unique covariant derivative D such that for all vector fields &, n, { we
have

MD 1. De(n, 8, = (Den, {)g + (1, Del),-

This covariant derivative is called the psendo Riemannian derivative, or
metric derivative, or Levi-Civita derivative.

Proof. For the uniqueness, we shall express (Dg, {), entirely in terms
of operations which do not involve the derivative D. To do this, we write
down the first defining property of a connection for a cyclic permutation
of the three variables:

&, §)g = (Den, £), + (1, D),
(L, &)y = Dyt &), + (, Dyl s
L& n), = (D&, ), + (& D),

We add the first two relations and subtract the third. Using the second
defining property of a covariant derivative, the following property drops
out:
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MD 2.  2(Dgn, §), = &(n, )y +nil, &), — L&, m),
+ ([é, ’7]: Qg - ([é: C]a ’7)9 - ([’77 C]) é)g

This proves the uniqueness.

As to existence, define (D, {), to be § of the right side of MD 2. If
we view £, # as fixed, and { as variable, then this right side can be checked
in a chart to give a continuous linear functional on vector fields. By
Proposition 6.1 of Chapter V, such a functional can be represented by a
vector, and this vector defines D7 at each point of the manifold. Thus
Dgn is itself a vector field. Using the basic property of the bracket product
with a function ¢:

€ onl =ol, n]+ o)y and  [pg, 4] = @l¢, 1] — (n)E
it is routinely verified that (D¢, {) g is Fu-linear in its first variable &, and
also Fu-linear in the third variable {. One also verifies routinely that
COVD 2 is also satisfied, whence existence follows and the theorem is
proved.
Recall that we defined Dsw for any multilinear tensor w. In particular,

let @ =g be the metric. Then the defining property of the metric con-
nection can now be phrased by stating that for all vector fields ¢,

Deg = 0.

For each vector field # let \/917 or 7V be the 1-form corresponding to #
under the metric, i.e. for all vector fields {, (\/,#)({) = (n, {),

Corollary. For the metric derivative D and all vector fields &, we have the
commutation rule

Dgo\/,=\/,oD; or  Dgn")=(De)".

Proof. One line:
(V (Dem)(©) = (Den, £), = Delr, O) — (1, De)y = De(\ 1) (0)-

Local representation of the metric derivative

From MD 2, we derive a local formula in a chart U. In the next formula,
we write &, n, {: U — E for the representatives of vector fields in the chart,
instead of the correct £y, ny, {y. Omitting the index U simplifies the

[VII, §4] THE METRIC DERIVATIVE 211

notation when U is fixed throughout the discussion. Here
g: U— L(E,E)

denotes the operator defining the metric relative to the given non-singular
form on E, so that

(& m), = (g m) = (¢, gn).

Observe that in COVD 2 and MD 2, we took the scalar product in the
tangent space, but in the next formula, the scalar product ( , ) without an
index is the one given by our original non-singular symmetric bilinear
form on E.

MD 3. Locally in a chart U, the metric derivative is determined by the
Sformula:

2(Den, g8) = 2{gC, " - &) +(n, ' - £ 0)
+¢& g —-&g L)
Proof. We apply MD 2. We express a g-scalar product in terms of the
standard scalar product, and we use the local representations of the Lie

derivative and the bracket from Chapter V, Proposition 1.1 and Pro-
position 1.3. For instance, we have the local representation

&, O, = (n, 90)'¢
=@ -&g)+ (g &) +m gl - &)
by using the rule for the derivative of a product. This formula is meant to

be evaluated at each point x. Note that g’(x): ExE— E is a bilinear
map, which is such that, for instance:

g'(x) - &(x) - {(x) = g' () ((x), £(x))-
One can work formally without putting the (x) in the notation. Similarly,

<[é1 ’7]) C)g . (’7, ° é - é’ -1, gC)
={gl,n'-¢-& -n)
= (gl n' - &) — (g, &' - ).
Thus we can transform each term appearing on the right of MD 2. Then

all the terms involving g (rather than g’) will cancel except two of them
which are equal, and add to yield 2(g{, n’ - £). The remaining terms are
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those which are shown on the right side of MD 3. This concludes the
proof.

Remark. Let us denote by D¢ the covariant derivative associated with
the metric g. Let ce R*. Then cg is also a metric, called a scaling of g,
and it follows immediately from MD 3 that

D% = D9,
i.e. the covariant derivative is invariant under a scaling of the metric.

Observe that the definition of the metric derivative in Theorem 4.1 is
given by a formula, namely MD 2, with its local representation MD 3.
We want to sec that the metric derivative is the one associated with a
spray. We recall that quadratic maps and symmetric bilinear maps corre-
spond to each other via the formulas

Q(v)=B(v,v) and  B(v, w) =3[Q(v+w) — Q(v) — Q(w)].
The next theorem summarizes the situation.

Theorem 4.2. Let (X, g) be a pseudo Riemannian manifold. There exists
a unique spray on X satisfying the following two equivalent conditions.

MS 1. In a chart U, the associated bilinear map By satisfies the fol-
lowing formula for all v, w, z€ E:

_Z(BU(x; v, W), g(X)Z)
=(g'(x)-v-z, W) +{g'(x) - w-z,0) — (g'(x) - - w, v).
Thus if we let

fU,Z(xa U) = BU(X; D, U) and fU(xa U) = (U, fU,Z(xa U))7
then fy represents the spray on TU = U x E.

MS 2. The covariant derivative associated to the spray is the metric
derivative satisfying Theorem 4.1.

This spray is the same as the canonical spray of Chapter VII, Theorem
7.1.

Proof. First observe that By as defined by the formula is symmetric in
(v, w). The symmetry is built in the sum of the first two terms, and to see
that the third term is symmetric, one differentiates with respect to x the
formula

(9(x)z, v) = (g(x)v, 2},
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which merely expresses the symmetry of g(x) itself. Thus we may form the
quadratic map fy; ,(x, v) = By(x; v, v) from the symmetric bilinear map
By(x; v, w). It follows that fy, as defined represents a spray Fy over TU.
At this point, one may argue in two ways to globalize.

Comparing MD 3 with MS 1 we see that the covariant derivative on U
determined by the spray Fy is precisely the metric derivative. Theorem 2.1
shows that if two sprays determine the same covariant derivative on U
then they are equal. If U, V are two charts, then f;; and f} are the local
representatives of sprays Fy and Fy on U and V respectively, which must
therefore coincide on U n V. Hence the family {Fy} defines a spray F on
X. Once again, Theorem 2.1 and MD 3 show that covariant derivative
determined by F is the metric derivative.

Furthermore, if we substitute v = w (and z = w;) in the chart formula
of MS 1, thus giving the quadratic expression f; 5(x, v), then one sees
that this expression coincides with the chart expression of Proposition 7.2
of Chapter VII, and hence that the spray obtained in a natural way from
the metric derivative is equal to the canonical spray of Chapter VII,
Theorem 7.1.

Another possibility is to admit Theorems 7.1 and 7.2 of Chapter VII,
which already proved the existence of a spray whose quadratic map f, , is
obtained from the symmetric bilinear map By as defined in MS 1. This
gives immediately the existence of a unique spray on X having the
representation of MS 1 in a chart U, and this spray is the canonical spray.
That MS 2 is equivalent to MS 1 then follows from MD 3. This
concludes the proof.

The spray of Theorem 4.2 will be called the metric spray. Since it is
equal to the canonical spray, we really don’t need two names for it.

Remark. To connect with other texts, note that in terms of local
coordinates, the metric spray is given by a map f, satisfying the second
order differential equation

d?*x; dx;
ﬁ = _fz(x, U) and v — E.

As a function of the variable v, the map f is quadratic, and minus its
coefficients are functions of x, called the Christoffel symbols, I';. Thus by
definition, the above differential equation is of type

d?x; i o dxx dx;
PR Iy b S

In terms of the standard basis for R”, the metric is represented by a matrix

(94()),
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and we let (g7 ) be the inverse matrix. Then the formula of Theorem 4.2
can be written in terms of the local coordinates in terms of the Christoffel
symbols, namely

=330 o (2 fon_law)

ax;  Oxp Ox

If I gave priority to fit classical notation, I would have written ~I'y
instead of By for the bilinear map associated with the spray. However,
using the letter B suggests bilinearity, whereas using the letter I’ would
suggest the above mess. Besides, using B is more natural for the bilinear
map associated to the quadratic map of the second order differential
equation, and eliminates a minus sign from that equation.

Theorem 4.3. Let «: J — X be a C? curve in a Riemannian manifold

(X, g). For the metric derivative, and curves y, { € Lift(a, TX ), we have
the formula

1
(y’ C)g = <Da'y7 C)g + <y1 D!Z’C)g'
Furthermore, parallel translation is a metric isomorphism. In particular,

let oeld. If y,, y, are the unique a-parallel lifts of a with 7p(to) = v and
(t0) = w, then for all t,

(7o(0)s yu(0) g = (v, W),
P(oof The formula is proved in the same way that the computation
proving Theorem 3.1 was parallel to the computation proving Theorem 2.1

(giving the behavior under changes of charts). From the formula, if

Dyy =Dy{ =0, it follows that (y,{), is constant, whence the second
assertion follows.

Corollary 4.4. Let ¢ be a C? function on X. Let o be a geodesic Jor the
metric spray. Then

(o)’ = (Dyw(grad ¢) o, @),
Proof. Taking the first derivative of goa yields
(90 @)/ (1) = (dg) (w(1)) (1) = {(grad P)(e(1)), (1)),

Now take the next derivative using Theorem 4.3 and the fact that
Dyo’ =0. The desired formula drops out.
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VIll, §5. MORE LOCAL RESULTS ON
THE EXPONENTIAL MAP

In this section, we give further results on the exponential map obtained
from a spray. We follow the same notation as in Chapter IV, §4, and at
first we just deal with a spray. We do not need to know whether it comes
from a metric or not.

Throughout the section, we let X be a manifold with a spray F.

Instead of looking at the exponential map restricted to the tangent
space at a given point, we may consider this map in the neighborhood of a
point in the whole tangent bundle. Let n: TX — X be the projection as
always. Let xp € X, with zero element Oy, € 7, X. There exists an open
neighborhood ¥ of 04, in 7X on which we can define the map

G: Vo> XxX suchthat G(v) = (mv, exp,,(v))-

It is sometimes useful to express this map in a different notation. Speci-
fically, if we denote a point in the tangent bundle by a pair (x, v) if
ve T X, then

G(x, v) = (x, exp,(v)).

Using a pair (x, v) is certainly the way we would write a point in the
tangent bundle as represented in a chart U x E, with xe U and veE.

Proposition 5.1. The map G is a local isomorphism at (xo, 0).

Proof. The Jacobian matrix of G in a chart is given immediately from
Chapter IV, Theorem 4.1 by
(id id)
0 id

which is invertible. The inverse mapping theorem concludes the proof.

For the next local results, it is convenient to express certain uniformities
in a chart, where we can measure distances uniformly in the model Banach
space E, with a given norm. It is irrelevant to know whether this norm
has any smoothness properties or not. It will be used just to describe
neighborhoods of a vector 0 in the tangent bundle. I found [Mi 63] useful.

Let xp € X. For € >0, we let E(e) denote the open ball of elements
veE with [v] < e. Arbitrarily small open neighborhoods of (xo, 0) in a
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chart for 7X are of the form
Uy x E(E),

where Up is an open neighborhood of xo in X, and e is arbitrarily small.

Corollary 5.2. Given xo € X. Let V be an open neighborhood of (xo, 0)
in TX such that G induces an isomorphism of V with its image, and in a
chart, for some € > 0,

V= Uo X E(E)

Let W be a neighborhood of xy in X such that G(V) > W x W. Then:

(1) Any two points x, y € W are joined by a unique geodesic in X lying
in Uy, and this geodesic depends C* on the pair (x,y). In other
words, if t— exp,(tv) (0 <t < 1) is the geodesic joining x and y,
with y = exp,(v), then the correspondence

(x, 8) < (x, )
is C*®.
(2) For each xe W the exponential exp, maps the open set in T, X
represented by (x, E(e)) isomorphically onto an open set U(x)
containing W.

Proof. The properties are merely an application of the definitions and
Proposition 5.1.

. The pair (¥, W) will be said to constitute a normal neighborhood of x;
in X. Dealing with the pair rather than a single neighborhood is slightly
inelegant, but to eliminate one of the neighborhoods requires a little more
work, which most of the time is not necessary. It has to do with
“convexity” properties, and a theorem of Whitehead [Wh 32). We shall
do the work at the end of this section for the Riemannian case.

In the Riemannian case, given x € X, by a normal chart at x we mean
an open ball By(x, c) such that the exponential map

expy: By(Ox, €) — By(x, c)

is an isomorphism. We call B,(x, ¢) a normal ball.

We shall need a lemma which gives us the analogue of the commutation
rule of partial derivatives in the context of covariant derivatives. Let J1,
J> be open intervals, and let

g: i xJhp—X
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be a C? map. For each fixed e J, we obtain a curve ¢: J; — X such
that o,(r) = o(r, £). We can then take the ordinary partial derivative

d10(r, 1) = o;(r) = 5

Similarly, we can define @,(r, £) = do/3t. Observe that for each ¢, the
curves r — 016(r, t) and r— 020(r, t) are lifts of r+— o(r, £) in TX.
More generally, let Q be a lift of ¢ in 7X. Then one may apply the
covariant derivative with respect to functions of the first variable r, with
the various notation
DQ
-

(Dayo,1Q1)(r) = (D1Q)(r, 1) = =

Similarly, we have D,Q(r, 1).

Lemma 5.3. We have the rules on lifts of o to TX:
(a) D162 = Dzal M and
(b) 62<610', 610)9 = 2(1)1620', alo')g.

Proof. Let oy represent o in a chart. Then from Theorem 3.1,
D80y = 8102,0u — By(ou ; 010v, 620v)-

Since By is symmetric in the last two arguments, this proves (a). As to
(b), we use the metric derivative to yield

02{(10, 610)g = 2(D,0;0, 610)9,

and we use (a) to permute the partials variables on the right, to conclude
the proof of (b), and therefore the proof of the lemma.

Let now (X, g) be a pseudo Riemannian manifold. For each x € X we
have the scalar product (v, w), = (v, W)y, for v, weT,X. Let ¢>0.
The equation

(v, v), = c?

defines a submanifold in 7xX, which may be empty. If the metric is
Riemannian, the equation defines what we call a sphere. In the case when
the metric is pseudo Riemannian, say indefinite in the finite dimensional
case, then one thinks of the equation as defining something like a hyper-
boloid in the vector space T,X. We can still define the level “hyper-
surface” S,(c) to be the set of solutions of the above equation. Even in
infinite dimension, we can say that the codimension of this hypersurface
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is 1. Note that
Sy(re) =rS,(c) for r>0.

In a neighborhood of the origin O, in 7, X, the exponential map is defined,
and gives an isomorphism which may be restricted to S,(c) intersected
with this neighborhood. The image of this intersection is then a sub-
manifold of a neighborhood of x in X. We look at the geodesics starting
at x.

Theorem 5.4. Let t — u(f) be a curve in Sy(1). Let 0 £ r < b where b is
such that the points ru(t) are in the domain of the exponential exp,.
Define
o(r, ) = exp,(ru(f))  for 0<r<b.
Then
(010, 016), = (u, u), = 1.

Proof. This is immediate since paralle]l translation is an isometry by
Theorem 4.3.

Corollary 5.5. Assume (X, g) Riemannian. Let ve TyX. Suppose
lloll, =r, with r>0. Also suppose the segment {tv} (0<:=<1) is
contained in the domain of the exponential. Let o(t) = exp,(tv). Then
L{o) =r.

Proof. Special case of the length formula in Theorem 5.4, followed by
an integration to get the length.

Remark. The corollary is also valid in the pseudo Riemannian case, if
one assume that v2 = r? > 0, so the notion of length makes sense for the
curve t— exp,(tv).

Lemma 5.6. Let X be pseudo Riemannian. Let ¢: Jy x J» — X be a C?
map. For each te J, let o,(s)=o(s, t). Assume that each o, is a
geodesic, and that o« is independent of t. Then for each t € J5, the map
8+ (010, 020) (s, t) is constant.

Proof. _ Let D be the metric derivative. Then D;d;0 = 0 because for
a geodesic o, we know that the metric derivative has the property that
Dya' =0. Thus we get

01 (610, 620'>g = (Dlala, 620'>g + (610', Dlaza)g
=10,(d10, 010) s by the above and Lemma 5.3
=0 by hypothesis.

This concludes the proof.
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The next theorem expresses the fact that locally near x, the geodesics
are orthogonal to the images of the level sets Sy(c) under the exponential
map.

Theorem 5.7. Let (X, g) be pseudo Riemannian. Let xo € X and let W
be a small open neighborhood of xp, selected as in Corollary 5.2, with €
sufficiently small. Let x € W. Then the geodesics through x are ortho-
gonal to the image of Sy(c) under exp,, for ¢ sufficiently small positive.

Proof. For ¢ sufficiently small positive, the exponential map is defined
on Sy(r) for 0<r=<e¢ and as we have seen, the level sets S,(r) are
submanifolds of X. Then our assertion amounts to proving that for every
curve u: J — Sy(1) and 0 <r <, if we define

o(r, 1) = exp(ru(r)),
then the two curves

t exp,(ro(u(f)) and  r exp,(ru(to))
are orthogonal for any given value (ro, #), which amounts to proving that
{010, 820), = 0.

But for r =0, we have o(0, ) = exp,(0) = x, independent of 7. Hence
020(0, £) = 0. We can apply Lemma 5.6 to conclude the proof.

In the Riemannian case, the theorem is known as Gauss’ lemma.
Helgason [He 61] showed in the analytic case that it is valid in the pseudo
Riemannian case as well. I followed the proof given in [Mi 63}, which I
found applicable to the present context without coordinates, and without
assuming analyticity.

Convexity

We conclude this section with the more systematic study of convexity,

which was bypassed in Corollary 5.2. We shall treat the Riemannian case,

which is slightly simpler. So we assume that (X, g) is Riemannian.
We need to know:

Given x € X, there exists ¢ > 0 such that if 0 < r < c, then the geodesic o
such that o(f) = exp,(tv), with 0<t<1, and ||v||,=r, is the shortest

piecewise C! path between x and exp,(v).

This will be proved in Theorems 6.2 and 6.4 of the next section. In
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particular, dist,(x, exp,(v)) = r for r sufficiently small. As usual, we let:

B, (0x, ) = open ball in 7, X centered at O, of radius ;
By(x, r) = open ball in X centered at x, of radius r;
S,(0x, r) = sphere of radius r in 7, X, centered at O ;and

Sy(x, r) = sphere of radius r in X, centered at x.

Here we shall deal only with r sufficiently small.

We define an open set U of X to be convex if given x, y € U there exists
a unique geodesic in U joining x to y, and such that the length of tl.le
geodesic is disty(x, y). We shall prove Whitehead’s theorem [Wh 32] in
the form:

Theorem 5.8. Let (X, g) be a Riemannian manifold. Given x € X, there
exists ¢ > 0 such that for all v with 0 <r < c the open neighborhood
By(x, r) = exp, By(0x, r) is convex.

Proof. We need a lemma.

Lemma 5.9. Given x € X, there exists ¢ > 0 such that if r < ¢, and if o is
a geodesic in X, tangent to Sy(x,r) at y = o(t), then «(t) lies outside
Sy(x, r) for t+# ty in some neighborhood of 1.

Proof We pick c such that the exponential map exp, is a differential
isomorphism on By(0,, r) for all r < ¢ and preserves distances on rays
from 0, to ve T,X with ||vf|, =r. Without loss of generality, we can
suppose fp = 0, so o(0) = y. We shall view y as variable, so we index o by
y. Also we have to look at the other initial condition «’(0) =u€ 7,7, so
we write ay,, for the geodesic. Now let

2
7]y,u(t) = exp;l ay,u(t) and fy,u(t) = ”y,u(t) .
Then 7, , is a curve in the fixed Hilbert space TxX, so
f;,u(t) . 2(’7;,1,'4(07 ”y,u(t))g(x),
) = 213, (8 + 2075, (D), 1y, (Dgi-
Let h(y, u) = f',(0). Then h(x, u) = 2u?, so hyx as a function on TX is
positive deﬁnlte Therefore there exists ¢ > 0 such that for 0 < r< ¢ and

lIyll, =r the functlon hy is positive definite on 7,Y, and in particular
h(y, u) >0 for u?#0. Under the assumption that o, , is tangent to
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Sg(x, r) at y, we must have
fru@=0 and [} (0)=h(y, u) >0,

whence for sufficiently small |¢], we get

Lyul®) > £5,(0) = (exp5! 0,x(0))* = (exp;'(w))* =12,

which proves the lemma.

We can now conclude the proof of Theorem 5.8. Using Corollary 5.2,
we can find ¢; > 0 such that putting W = By(x, ¢)) satisfies the condition
of Corollary 5.2. Let ¢ <c¢j. We show that r < ¢ implies By(x, r) is
convex. Let y, ze By(x, r). Then by that corollary, there exists a unique
geodesic a in the neighborhood ¥ of x joining y and z. As in the lemma,
let

£(0) = (exp;' «(1))®,  with a<t<b.

It now suffices to prove that f(f) < r2. Suppose f(¢) = r? for some ¢, and
let £ € [a, b] be the maximum of f on this interval, so f(%) = r%. Then
to #a, b so f (o) = 0, whence o is tangent to the sphere S,(x, ro) where

=f (to) . The lemma now gives a contradiction, which concludes the
proof of Theorem 5.8.

Remark. In the pseudo Riemannian case, with metric g, one has to use
an auxiliary Riemannian metric h to apply a similar argument, which
makes the proof slightly longer.

VIIl, §6. RIEMANNIAN GEODESIC LENGTH
AND COMPLETENESS

Throughout this section, we let (X, g) be a Riemannian manifold.

We return to the Riemannian case, where we use the positive definiteness
of the metric. In Chapter VII, §6 we defined the length of a piecewise C!
path. We want to compare the length locally with the length of straight
lines in the tangent space at a point, under the exponential map. In the

process, we shall see that locally, a geodesic is the shortest path between
two points.

Thus let xoe X and let (V, W) be a normal neighborhood as in
Corollary 5.2. Let xe W. For each piecewise C! path

y: la, b > U(x) - {x},
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with U(x) being as in Corollary 5.2(2), we can use the fact that tl_le
exponential map is invertible and so there exists a unique curve £ — u(f) in
TyM such that |u(t)||l, =1 and

y(f) = exp,(r(u(r))  with 0<r(r) <e

In a chart, the vector r(f)u(t) is obtained by the inverse of the exponential
map followed by a projection, so in particular, the functions 7 +— r(t) and
t — u(f) on [a, b] are piecewise C!. We call these functions the local polar

coordinates for y.

Lemma 6.1. For a piecewise C' curve y: [a, b] — U(x) — {x} as above,
we have the inequality

L(y) Z Ir(b) — r{a)|-

Equality holds only if the function t— r(t) is monotone and the map
t— u(t) is constant.

Proof. Let o{r, f) = exp, (ru(t)). Then y(r) = o(r(t), ). We have

dy
ey 9V _ 9 )
Y=g ="+

By the Gauss Lemma Theorem 5.7, we know that do/dr and 0o/0t are
orthogonal. Since ||0g/dr||, = 1 by Lemma 5.4, it follows that

2
2 [P ()%,
g9

do

’ 2 __ 7 2 b

YOI =1 oF +| 5

with equality holding only if 80/8t = 0, or equivalently, du/dt = 0. Hence

b b
L() = j Ol dt = ] V()] dt 2 |r(b) — (@)

and equality holds only if ¢+ r(f) is monotone and ¢ u(?) is constant.
This completes the proof.

Theorem 6.2. Let (V, W) constitute a normal neighborhood of a p.oint
xo€X. Let a: [0, 1] — V be the geodesic (up to reparametrization) in V
joining two points of W (namely o(0) and o(1)). Let v: [0, 1] = X be
any other piecewise C' path in X joining these two points. Then

L(a) < L(p)-
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If equality holds, then the polar component t — v(t) for y is constant, the
Junction t — r(t) is monotone, and a reparametrization of y is equal to a.

Proof. Let x, yeW and let y=exp,(ru) with 0 <r<e¢ and
lull, = 1. Then for § >0 and 0 <& < r the path y contains a segment
joining the shell Shy(x, §) with the shell Shy(x, ) and lying between the
two shells. By Lemma 6.1, the length of this segment is > r —4J. Letting
6 tend to O shows that L(y) 2 r. The same lemma proves the conditions
on the polar functions as asserted.

Corollary 6.3. Let o: [0, 1] = X be a piecewise C! path, parametrized
by are length. If L(x) < L(y) for all paths from «(0) to a(1) in X, then «
is a geodesic.

Proof. We can find a partition of [0, 1] such that the image under o of
each small interval in the partition is contained in some neighborhood W
as in the theorem, and its length is small so the image of the segment is
contained in a normal neighborhood. By Theorem 6.2, the path restricted
to this segment must be a geodesic. Hence the entire path is a geodesic, as
was to be shown.

Let a: [a, b)) — X be a geodesic. We say that « is a minimal geodesic if
L(x) £ L(y) for every path y joining «(a) and «(b) in X. Theorem 6.2
gives us the existence of minimal geodesics locally. We can then formulate
another application. Let x € X. Let dist; be the Riemannian distance.
Let:

B,(0s, 1), Sg(0s, 1), By(x, 1), S(x, 1)

be the open balls and spheres of radius r, centered at 0, in 7, X and at x
in X, respectively. We now know enough to show that S,(x, r) is the

image of S;(0x, ) under the exponential map, and similarly for the open
ball, for sufficiently small r.

Theorem 6.4. Let (X, g) be a Riemannian manifold and let x € X.
There exists ¢ > 0 such that for all r < ¢ the map exp, is defined on
B,(0x, c), gives a differential isomorphism

exp,: By(Ox,7) = By(x,r)  forallrwith 0<r<ec,
and also a differential isomorphism

€xpy: Sy(0x, r) = Sy(x,7) forO<r<e.

Proof. Immediate from Corollary 5.5 and Theorem 6.2.
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Next we consider completeness. Since X is a metric space (in the
ordinary sense), with respect to the distance dist,, the notion of X being
complete is standard: every Cauchy sequence for dist; converges. On the
other hand, we can now define another notion of completeness.

We say that (X, g) is geodesically complete if and only if the maximal
interval of definition of every geodesic in X is all of R. Alternatively, we
could say that for each point x € X, the exponential map exp, is defined
on all of Ty, because under one normalization of the parametrization of a
geodesic, it is simply the curve 2+ exp,(tv) for some ve TxX. To be
systematic, let us consider the following conditions:

COM 1. As a metric space under dist;, X is complete.

COM 2. All geodesics in X are defined on R.

COM 3. For every x € X, the exponential exp, is defined on all of TxX.
COM 4. For some x € X, the exponential exp,, is defined on all of TxX.

Proposition 6.5. Each condition implies the next, i.e.

COM1=COM2= COM 3= COM 4.

Proof. Assume COM 1. Let a: J — X be a geodesic parametrized
by arc length on some interval, and take J to be maximal in R. By the
existence and uniqueness theorem for differential equations, J is open in R,
and it will suffice to prove that J is closed, or in other words, that J
contains its end points. For #, 1 € J we have

dist(a(t1), a(2)) < |12 — 1al-

Suppose for instance that J is bounded above, and let {#,} be a sequence
in J converging to the right end point of J. Then the sequence {a(t)} is
Cauchy by the above inequality, so {a(t,)} converges to a point xp by
COM 1. Then for all n sufficiently large, o(t,) lies in a small normal
neighborhood of xp, and there is some € > 0, independent of n, such that
the geodesic can be extended to an interval of length at least € beyond
t,, thus contradicting the maximality of J, and proving COM 2. The
subsequent implications are trivial, so the proposition is proved.

We are now interested when geodesic completeness implies complete-
ness. We shall give two criteria for this. One of them is that the manifold
has finite dimension, and the other one will be important for its appli-
cation to conditions on curvature in Chapter IX. The finite dimensional
case depends on the next result.
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Theorem 6.6 (Hopf-Rinow). Assume that (X, g) is finite dimensional
connected geodesically complete at a point p, that is, exp, is defined on
TpX. Then any point in X can be joined to p by a minimal geodesic.

Proof. 1 follow here the variation of the proof given in [Mi 63]. Let y
be a.point with p # y. Let W be a normal neighborhood of p containing
t1'1e image of a small ball under the exponential map exp,. Let r=
dlst(p., ), and let 6 be small < r. Then the shell Shy(p, 5) =pSh(p, o) is
contained in W. Since Sh(p, 8) is the image of the sphere of radius & in
T,X, it follows that Sh(p, d) is compact. Hence there exists a point xp on
Sh(p, 6) which is at minimal g-distance from y, that is

dist(xp, y) < dist(x, y) for all x e Sh(p, d).
We can write xp = exp,(6u) for some u e T, with flull, = 1. Let a(r) =

expp(t.u). We shall prove that exp,(ru) = y. We prove this by “contin-
uous induction” on ¢, as it were. More precisely, we shall prove:

(dist,) We have dist(a(?), y)=r~t for §<t<r.

Taking ¢ = r will prove the theorem. First we note that (dists) is true.
Indeed, every path from p to y intersects the shell Sh(p, d), so

(1) dist(p, y) = min (dist(p, x) + dist(x, y))  for xe Sh(p,s)
=6+ n&in dist(x, y)

=6+ diSt(x07 y)’

so (dist;) is true. Now “inductively”, assume that (dist,) is true for all
t<r, withd <+ <r. Letr be the least upper bound of such . Since
the distance dist; is continuous, it follows that (dist,) is true, and it
suffices to prove that r; =r. Suppose r; < r. Pick &, small so we get as
usual a spherical shell Sh(a(rl), 61) around a(r), contained in a normal
ne.ig_hborhood of a(r1). As in (1), there is a point x; on Sh(a(r), 8;) at
minimal distance from y, and we have the relation as in (1), namely

dist(a(r1), y) = & + dist(xy, y).
Since (dist;,) is true, we find

(2) dist(xy, yYy=r—n-—2a;.
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We claim that x; = ar; +1). To see this, first observe that
dist(p, x1) 2 dist(p, y) — dist(x1, y) =1 + 1.

But the path consisting of the two minimal geodesics from p = «(0) to
a(r1) and from a(ry) to x; has length r; + 1, so this path (which is viewed
as a broken geodesic) has minimal length, so it is an unbroken geodesic by
Corollary 6.3. Hence the path is actually equal to a, so a(r; +61) = x1,
and therefore dist(x;, y) =r— (r1 +1), so (dist; +4,) is true, thus con-
cluding the proof of the continuous induction, and also concluding the
proof the Hopf-Rinow theorem.

Corollary 6.7. In the finite dimensional case the four completeness
conditions COM 1 through COM 4 are equivalent to a fifth:

COM 5. A closed disty-bounded subset of X is compact.

Proof. Assume COM 4 with exp,, defined on T, X. Let S be closed
and bounded in X. Without loss of generality, we may assume xp € S. Let
b be a bound for the diameter of S. Then by Theorem 6.6 (Hopf-Rinow),
every point of S can be joined to xp by a geodesic of length < b, so S is
contained in the image under exp,, of the closed ball of radius b in T X,
so S is compact, thus proving COM 5.

Assume COM 5. Let {x,} be a Cauchy sequence in X. Then {x,} lies
in a bounded set, whose closure is compact by assumption, so {x,} has a
point of accumulation which is actually a limit in X. This proves COM 1,
and concludes the proof of the corollary.

Remark. In his thesis [McA 65], McAlpin gave the following example
which shows a divergence of behavior in the case of infinite dimensional
Hilbert manifolds. Let E be a Hilbert space with orthonormal basis
{e,} (n=0). Let T: E—E be the linear map such that for a vector

v=2) Xxnen€E
T (Z x,,e,,) = Z AnXn€p

where g =1 and a, =1+ 1/2" for n= 1. Then
loll < 170l < 311w,

and therefore T is invertible in Laut(E). Let S be the unit sphere in E and
let X = T(S), so X is a submanifold of E, to which we give the induced
metric. Let o be a path joining ey to —eg in S. Then T is a path joining
ey to —eg in X, and T is length increasing, that is '

L(a) < L(Tw).
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ern'ce the length of any path in X joining ep to —eg is = 7, which is the
minimal length of paths between the two points in E. However, let o, be

311‘1; half great circle joining the two points in the upper (eo, e,)-half plane.
en

L(Top) < (14+1/2")r — 7 = distx(eo, —eo).

Hence there is no minimal path joining the two points in X. Note that
each Ta, is a geodesic in X joining the two points, because

Im(Ton)u — Im(Taxy,)

is the fixed point set of the isometry F, defined by
F, (Z xkek) = Xp€g + Xnep — Z XK€k

M(.:Alpin refers to [Gros 64] for results on the distribution of degenerate
points of the exponential map in similar examples.

Next we give another criterion for (X, g) to be complete. We start with
a lemma.

Lemma 68. Let f: Y— X be a C' map between Riemannian
manifolds (Y, h) and (X, g). Assume that there is a constant C > 0 such
that for all yeY and we T,Y we have

WTf()wll, 2 Cliwll.
If y: [a, b] = y is a piecewise C! path in Y, then

L(f oy) z CL(y).
Proof. We have

b b
L(f o7) = j I oY (), de = j 1T GO)Y 0, dt

b
> j Clly (1)l dt
a

bl CLh (}’),
as was to be shown.

Let f: ¥ — X be a C' map of manifolds. We say that f has the
unique ?ath lifting property if given a point x € X, a piecewise C! path « in
X starting from x, and a point y € ¥ such that f(y) = x, then there exists
a unique piecewise C! path y in ¥ such that foy =« and y starts at y.
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Theorem 6.9. Let f: Y — X be a local C' isomorphism of a Rie-
mannian manifold (Y, h) into a Riemannian manifold (X, g). Assume
that (Y, h) is complete, and X is connected. Also assume that there is a
constant C > 0 such that for all yeY and we T,Y we have

1T (¥)wllg = Cliwlly-

Then f is surjective, f is a covering and has the unique path lifting
property, and (X, g) is complete.

Proof. The proof is in three steps. The first step is to prove that f is
surjective and has the unique path lifting property. Let xe X, x= f(y).
Every point in X can be joined to x by a piecewise C! path. Let
a: [a, b] = X be such a path, joining a(a) = x with «(b). We shall prove
that « can be lifted uniquely to a path in Y starting from y. This will
prove the first step. Let S be the set of elements ¢ € [a, b] such that the
path o restricted to [0, 7] can be lifted uniquely to a path p starting at y.
Without loss of generality, we may assume that a < b. The set S is not
empty because a € S, and it is open because f'is a local isomorphism. So it
remains to show that S is closed. Let {1,} be a sequence in S increasing to
the least upper bound by of S. Then {ua(t,)} converges to a(bo), and by
Lemma 6.8 the lengths of the lifted path between y(t,) and y(#,) tend to 0
as m, n tend to infinity, so the sequence {y(#,)} is Cauchy in ¥, converging
to some element y, since Y is assumed complete. Then f(y,) = a(bo), so
S is closed, whence S = X by assumption. Therefore f is surjective, and
we have also proved the existence and uniqueness of path liftings.

The next step in the proof is to reduce the theorem to the case when the
map f is a local isometry. We do this as follows. Let g* = f*(g) be the
pull-back of the metric g from X to ¥ by f. Then for all ye Y and
weT,Y we have

Wllge = TS (M)wlly 2 Cliwlly-

Hence on Y we find that distg. > Cdist;. We now claim that Y is
complete for the distance disty.. To see this, first observe that if {y,} is
g*-Cauchy, then {y,} is also h-Cauchy, so {y,} is h-convergent to an
element y,e Y. Then {f(y,)} converges to f(y,). But f induces an
isomorphism from some neighborhood ¥ of y, to an open neighborhooc
of f(y,), and hence for all but a finite number of n, the points f(y,) lie in
f(V), so {y,} is also g*-convergent to y, since g* = f*(g). This proves
that Y is g*-complete. Furthermore, we have the inequality

dist,- (yy, ;) 2 dist,(f(31), £(3n)) forall yy, y, €Y.

In this final step, we prove that f is a covering. Since Y is g*-complete,
this will also prove that (X, g) is complete, and will conclude the proof
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of the theorem. By the second step, we may assume without loss of
generality that f is a local isometry, and that

() distp(yy, y5) 2 diStg(f()’l), f(J’Z)) forall y;,y, €Y.
Let xe X. From Theorem 6.4 we know that
expy: By(Ox, ) — By(x, 1)

is an isomorphism for all r sufficiently small, say r < ¢ with ¢ > 0. Let
ye f(x). Since f is a local isometry, the following diagram is com-
mutative (using (x)):

4f(y)

Bh(o)n r) R Bg(ox’ r)

€xp, exp,

By(y, 1) ~7-' By(x, 1)

Note that the right vertical arrow is a differential isomorphism because we
have picked r small enough, but so far we have made no such assertion for
the left vertical arrow. For the proof of the theorem, it will suffice to
show that f~'By(x, r) is the disjoint union of the balls By(y,r) for
ye f(x), if r is taken small enough. We take r so small that given
x" € By(x, r) there is a unique geodesic in By(x, r) joining x to x’ (namely
2xp,(tv) for some v). Then, first, we have f(Bu(y,r)) < By(x, ), so
‘he union is contained in f ”1Bg(x, r). Conversely, given a point
zef _lBg(x, r), we can join f(z) to x by a geodesic of length < r in
B,(x, r), and by the path lifting property already proved in step 1, we can
join z to a point y in f~!(x) by a geodesic of the same length, so

S (By(x, 1) = Ly)Bh(y, ),

where the union is taken over y € f ‘l(x). Finally, let y;, y, € f'(x) and
ppose y; # y,. We claim that By(y;, r) is disjoint from Bp(y,, r).
Suppose there is some point z in the intersection. Then z can be joined
to y, by a geodesic «; in By(y,, r), and z can also be joined to y, by a
geodesic oy in By(y,, r), and these geodesics are distinct. Their images
under f are geodesics in By(x, r) joining x with f(z). By the uniqueness of
path lifting, this would mean we have two distinct geodesics in By(x, r)
joining x and z, and that these geodesics have length < r. This contradicts
the local uniqueness statement, and proves that the balls By(y,, r) and
By(y,, r) are disjoint. This concludes the proof of the theorem.
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Remark. In the next chapter, under a condition of seminegative curva-
ture (to be defined), we shall take Y = Ty X, and we shall prove that

f=exp,;: ThX—X

satisfies the hypotheses of Theorem 6.9, and therefore in particular that
geodesic completeness implies completeness. In this manner, we shall be
able to replace the local compactness condition by a curvature condition
to insure the equivalence between the two notions of completeness. The
whole technique goes back to Hadamard [Ha 1898] in the case of surfaces
with seminegative curvature, and Cartan [Ca 28] in the general case, still
in this context of seminegative curvature. The notion of a “covering
space” was not so clear during this early period. Except for a minor
variation, the theorem is apparently due to Ambrose [Am 56], and occurs
in the standard treatments of differential geometry as in [He 62] later
replaced by [He 78], Chapter I, Lemma 13.4; [KoN 63], Chapter 1V,
Theorem 4.6 and Chapter VIII, §8, Theorem 8.1 and especially Lemma 1.
The theorem is at the base of the Cartan-Hadamard theorem, to be
proved later.

CHAPTER IX

Curvature

This chapter is a continuation of the preceding one, and is concerned with
the iteration of covariant derivatives, from a formal point of view, and
also from the point of view of their effect on the geometry of the manifold.

IX, §1. THE RIEMANN TENSOR

Let X be a manifold with a spray, and the covariant derivative D associated
with the spray. If &, 5, { are vector fields on X, we are concerned with the
operator

DcD,;, - D,;,Dc - D[C,';l]: I'Tx — FTX,

which is a linear map of I'7X into itself.

Proposition 1.1. There exists a unique tensor field R, section of
LY TX, TX), ie. arising from the functor E — L3(E, E) (continuous
trilinear maps of E into itself) such that for all vector fields &, n, { we

have
R(é’ n, C) = DCD’;’C - D’;’ch . D[c,,,]c

Proof. The expression on the right-hand side gives a well-defined vector
field on X. To show that this association comes from a tensor field, we
can compute in a chart. To do this, we use the local expression for the
covariant derivative given in Theorem 2.1 of Chapter VIII. So for the rest

of the argument, &, 7, { stand for &y, 7y, {y in a chart U. Then, for
example, we have

(1 Dy ={"-n— B, {).

~
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We determine D;(D,{) by substitution in this formula. As a first step, we
have to write down the derivative

(D) -E=C"-&n+{'-n'- &~ B(n'¢, {) — B, {'-&y—(B"-&)n, ).
Then it follows that
Dy(D,0) =" -&-n+{ 0" -~ Bl &, )~ Bn, {'-&) = B -n, &)
—(B'-&)(n, &) + B(B(m, £), &)

Permuting ¢ and # gives us the second term. Using the local expression
for the bracket ,
& nl=n-¢-& -7

as well as (1) will give us the third term. The reader will then verif:y. that
all the expressions containing a derivative cancel, leaving only trilinear
expressions involving &, », and {. This proves Proposition 1.1.

In addition, after the cancellation of the terms with derivatives, we
obtain a local expression for R, namely:

Proposition 1.2. Letting &, n, { represent vector fields in a chart:
+ (B -n)(& 0) — (B - &)@, ).

Remark. There is no universal convention as to the sign of R. I use t.he
same sign as [KoN 63], [ChE 75], [He 78], and [BGV 92], but the opposite
sign to [BGM 71], [HGL 87/93], and [Mi 63]. For further comments, see
the discussion after the definition of sectional curvature.

Let v, w, ze TxyX. It is customary to write
R(v, w, z) = R(v, w)z = Ry(&(x), 7(x), ()
= R(¢, 7, C)(x)’

if &, n, ¢ are any vector fields such that &(x) = v, n(x) =w, {(x) =z. One

i R(, n): TTX - TTX

for the linear map of I'TX into itself, given by

R(¢, n) = DgDy — DyDg — Dy .-
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As a function of two variables, according to this definition, one may view
R as a section of the bundle L2(7TX, L(TX, TX )), which is formed by
applying the functor E* — L%(E, L(E, E)) to the tangent bundle.

Next we list some identities.

Proposition 1.3.
R(v, w) = —R(w, v) (skew-symmetry).
R(v, w, z) + R(w, z, v) + R(z, v, w) = 0 (cyclicity, Bianchi’s identity).

Proof. The first relation is obvious from the definition. The second one
is immediate from the local representation of Proposition 1.2.

For the next two properties, we assume that the spray is the one
associated with a metric, so the covariant derivative is the metric deri-
vative. We let (, ), be the scalar product associated with the metric. Then
we define a function of four variables

R(v, w, z, u) = (R(v, w)z, u), for v,w,z,ueT,X.

Then R is a tensor of type L that is a section of L*(TX) = L*(TX, R).
We shall call R the Riemann 4-tensor (canonical with respect to g). We
call —R the curvature tensor. The properties of Proposition 1.3 may be
formulated for this 4-tensor, and we shall see in a moment that it also
satisfies two other important properties. Thus it is useful to make a
general definition. A tensor R of type L* is called a tensor of Riemann
type if it satisfies the following four properties:

RIEM 1. R(v, w, z, u) = —R{w, v, z, u)

RIEM 2. R(v, w, z, u) = —R(v, w, u, 2)

RIEM 3. R(v, w, z, u) + R(w, z, v, u) + R(z, v, w, u) = 0

RIEM 4. R(v, w, z, u) = R(z, u, v, w).
The first two conditions express the property of being alternating in the
first two variables, and also in the last two variables. The third condition
is called the Bianchi identity, and expresses the property that the cyclic
symmetrization of the-tensor is 0. The fourth property states that the
tensor is syrnmetric in the pairs of variables (v, w) and (z, u). In par-
ticular, we note right away that from RIEM 4, we obtain:

R(v, w, v, u) is symmetric in (w, u), that is R(v, w, v, u) = R(v, u, v, w).

We shall make more comments on these properties after the next
proposition, which justifies the terminology.
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Proposition 1.4. On a pseudo Riemannian manifold, the Riemann tensor
satisfies all the above four properties. Furthermore, RIEM 4 follows from
RIEM 1, 2, 3.

Proof. Properties RIEM 1 and RIEM 3 have been proved in Pro-
position 1.3. Property RIEM 2 amounts to proving that R(v, w, z, z)=0
for all v, w, z; or in terms of vector fields, R(¢, #, {, {) =0. We will need
to differentiate. Since all the terms with derivatives vanish in the local
formula of Proposition 1.2, we may assume without loss of generality that
[¢, 7] =0. Then

(R(éa ”)Ca C)g = (DCDi;IC - Di;IDCC) C)g,

and we must show that the right side is symmetric in ¢, 7. But [£, 7] =0
implies that

gfgn(C) C)g

is symmetric in & #. Since we are dealing with the metric covariant
derivative, it follows that

g’](() C)g = 2(D,;,C, C)g

and therefore

gfgi;l(c’ C)g = 2(D§DIJC1 C)g +2(D6C, Dt]C)g,

from which it follows at once that (D¢D,{, {), is symmetric in &, n, thus
proving RIEM 2.

The formula RIEM 4 is a formal consequence of the preceding three
formulas. It is basically an exercise in algebra, which we carry out. In the
cyclic identity RIEM 3, interchange u with z, v, w successively, and add
the resulting three relations. One gets, using RIEM 1 and RIEM 3:

(*) R(u, v, w, ) + R(u, w, z, v) + R(u, z, v, w) = 0.
From cyclicity and RIEM 1, one gets

R(z, v, u, w) = R(u, v, z, w) — R(u, z, v, w) or

R(u, z, v, w) = R(u, v, z, w) — R(z, v, u, w).

We substitute the value on the left in (), and use RIEM 1 to conclude the
proof of RIEM 4.
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We shall be dealing with a contraction of the canonical 4-tensor. We
defined the canonmical 2-tensor R, by

Ry(v, w) = R(v, w, v, w).

Proposition 1.5. The canonical 2-tensor determines the Riemann tensor.
Or similarly, if the canonical tensor R satisfies

R(v,w,v,w)=0  forall v,w,
then R=0.

Proof. Say we prove the second assertion first. From RIEM 4, which
implies that R(v, w, v, z) is symmetric in (w, z), if R(v, w, v, w) = 0 for all
v, w then R(v, w, v, z) =0 for all v, w, z. From the alternating properties
of RIEM 1 and RIEM 2, it follows that R =0 identically.

To show that the canonical 2-tensor determines the Riemann tensor, we
note that the problem is essentially equivalent to the other statement, but
one may argue directly as when one recovers a symmetric bilinear form
from a quadratic form, namely

Py
[%R(v+ 1z, w+su, v+ tz, w + su)

2
~ otds

= 6R(v, w, z,u).

R(v+tu, w+ sz, v+ tu, w+ 52)

s=t=0

This proves the proposition.

An important case arises when R, = 0. We define (X, g) to have
seminegative curvature if R, = 0. The following discussion explains this
terminology in terms of its historical development.

Curvature discussion

A large part of the theory we are developing is fundamentally a theory
of commutative rings with certain types of derivation, and possibly scalar
products, in which positivity or negativity plays no role. This theory
contains a number of formulas with precise equality between various
terms. There would be some value in redoing this chapter and the
preceding one completely in such a context of commutative differential
algebra. At some point, for certain applications, the positivity or nega-
tivity properties of the real numbers are used, as in the second statement
of Proposition 2.6 below. For such applications, the question arises as to
what is the natural sign to be used, if indeed there is a natural sign.
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Historically, the theory arose in a geometric context, based on geo-
metric intuition. To each pair of vectors (v, w) in a tangent space TxX,
we define the area square of the parallelogram spanned by these vectors to
be

Ar,(v, w)> = v®w? — (v, W)Z'

As usual, v? = (v, v) 4~ Then, when Ar, (v, w)2 # 0, we define the sectional
curvature to be
_R(v, w, v, W)

Secy(v, w) = Ar o, )
g\“»

In the Riemannian case, Ary(v, w) # 0 if and only if v, w are linearly
independent. If v? and w? > 0, then the value on the right depends only
on the unit vectors in the direction of v, w respectively; and if v, w are
orthogonal unit vectors, then

Secy(v, w) = —R(v, w, v, w).

In the Riemannian case, it is immediate that the value of the sectional
curvature on (v, w) depends only on the plane generated by v and w,
because of the skew-symmetry of RIEM 1 and RIEM 2. For the complex
analogue, see [La 87], Chapter V, §3.

Let c e R be a positive number. The multiple cg is called a scaling of
the metric g. Since the covariant derivative D% is the same as DY, it
follows from the definitions that under scaling, the curvature changes as

Sec,, = ¢ Sec,.
Directly from the definition, we then see in the Riemannian case that:
The sectional - curvature has constant value —1 if and only if
Ra(v, w) = v*w? — (v, W)Z Jorall v,weTyX.

Viewing v as fixed, the above expression is quadratic in w, and the
corresponding symmetric bilinear form is

R(v, w, v, z) = v¥{w, 2)g — (v, W), (v, 2)4
Thus R(v, w)v is given by

R(v, w)v = v*w — (v, w),v  forall v, weTxX.

Similarly, the sectional curvature has constant value +1 if and only if the
analogous formula holds with a minus sign inserted on one side, so that for
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instance
—R(v, w)v = v*w — (v, w) v

In the applications of this book (the rest of this chapter, the Cartan—
Hadamard theorem, the variation formulas of Chapter XI, §1, etc.) what
matters is not the “curvature” as defined above, but the canonical tensor
R itself. Furthermore, formulas in these applications come out much
neater with R than with “curvature” for two reasons:

First, for such formulas, dividing to normalize as in the curvature
quotient is unnatural, partly because the term by which one divides,
algebraically, may be equal to 0 unless extra conditions are imposed.

Second, even for inequalities as distinguished from equalities, the
natural condition which arises is R(v, w, v, w) = 0 rather than curvature
<0. If one takes R with the sign as we have defined it, then only plus
signs occur in all the formulas (c¢f. Lemma 2.5 and the variation formula,
Theorem 1.3 of Chapter XI, for instance). This universal occurrence of
plus signs is obscured if one introduces minus signs artificially. I regard
this universal occurrence of plus signs as structurally important.

The naturality of R in the real case is similar to the naturality of its
counterpart in the complex case, where formulas involving positivity come
out neatly by using the analogue of R rather than its negative (as already
noted by Griffiths). Cf. [La 87], the comments pp. 136-137 about holo-
morphic sectional curvature. The lesson is that the “curvature” in classical
terminology is minus the natural object R (aside from questions of
normalizing the dilation to the unit sphere).

Classically, starting with surface theory, people wanted some formulas
such as Gauss-Bonnet or formulas relating “curvature” and Betti numbers,
using + R, to come out so that on the sphere, one gets a value of certain
integral to be 4 and not —4z. So they picked the minus sign, and gave
the notion —R (normalized) the name of curvature, which makes the
sphere have positive curvature. The bottom line is that depending on what
applications one makes, both R and —R are “natural.” However, from the
point of view of universal algebraic manipulations, R is the clearest
functorial notion.

One can define two other curvatures, at least. Actually, all we need is
a tensor of curvature type. From such a tensor R, we obtain two other
tensors. First observe that to each pair of vectors v, z € E we can associate
an endomorphism of E, denoted by Ric(v, z), and defined by

Ricg(v, z)w = R(v, w)z.
Thus Ric gives a bilinear map

Ricg: E x E — L(E, E).
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Applied to the tangent bundle, and the Riemann tensor R itself, Ric is
called the Ricci tensor.
Furthermore, in the finite dimensional case, the trace

tr: L(E,E) - R
is a continuous linear map. Then the composite
Scg = tr o Ricy

is a function of pairs of vectors, which when applied to the tangent bundle
defines what is called the scalar curvature. In the infinite dimensional case,
one has to give an additional structure, assuming that the Ricci tensor is
of “trace class”, or defining the sectional curvature with respect to a given
“trace,” ie. a continuous functional on L(E, E) which is equal on
products AB and BA. But this now leads far afield.

Suppose we are in the Riemannian case. We can then give an explicit
formula for the scalar curvature. In the neighborhood of a point, we can
find vector fields ¢;,...,¢, (with n = dim X) which are orthonormal, by
the usual orthogonalization process. Such a sequence of vector fields is
called an orthonormal frame at the point.

Proposition 1.6. Let {&),...,&,} be an orthonormal frame on an open
set. Then for vector fields &, § we have

Scr(&,m) =) _ R, &, 1, &).

i=1

Proof. This is immediate from the definition of the trace of an endo-
morphism of a finite dimensional vector space.

The conditions RIEM 1 and RIEM 2 express the property of depending
only on the wedge product of each pair of variables v A w and z A u.
Property RIEM 4 is a symmetric property in these pairs of variables. Thus
we may say that the four-variable tensor R defines a symmetric bilinear
form on /\ TX, which we denote by

2
R": N\ TX/\/\ZTX—>R, such that R" (v A w, z A u) = R(v, w, z, u).

On the other hand, we also have the pseudo Riemannian metric, which
induces a non-singular scalar product on /\ TX by the formula

(v,2), (v,u),

v AW,z A u), =det .
‘ o =9 ,2), ()
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These scalar products are of course evaluated at each point xe X, v, w, z,
ue TyX. The scalar product on /\ TX with respect to the non-singular
symmetric form g then corresponds to a symmetric operator which is
called the curvature operator.

In the infinite dimensional case, from the self duality, each tangent
space can be interpreted as the dual of its dual, and the wedge product is
defined as in Chapter V, §3 so the above notions still make sense.

Readers wanting to pursue the topic of curvature are now referred to
other books on differential geometry, including {(BGM 71}, [ChE 75},
{doC 92], and [GHL 87/93].

IX, §2. JACOBI LIFTS

Let (X, g) be pseudo Riemannian. We write w? for (w, w)g, and viw
for (v, w), =0. We let a: [a, b] > X be a geodesic. Unless otherwise
specified, (X, g) is not necessarily Riemannian.

A lift n e Lift(x) to the tangent bundle will be called a Jacobi lift, or
more classically a Jacobi field, if it satisfies the Jacobi differential equation
Dy = R(e', 7).

Theorem 3.1 of Chapter VIII and Proposition 1.2 in the preceding section
of the present chapter show that locally, the above equation is a linear
differential equation. Therefore, by the existence and uniqueness theorem
for linear differential equations, we get:

Theorem 2.1. Let (X, g) be pseudo Riemannian, let o: [a, bl — X be a
geodesic. Given vectors z, w € Ty X, there exists a unique Jacobi lift
n=m,, of a to TX such that

na@) =z and  Dun(a) = w.

In particular, the set of Jacobi lifts of « is a vector space linearly
isomorphic to Tyg) x Tyq) under the map (z, W) = 1

We denote the space of Jacobi lifts of a by Jac(a).
Let ve T, and consider the unique geodesic

o(t) = expx(10)

such that a(0) = x and o/(0) = v, with « defined on an open interval. Let
we TxX and let 7, be the unique Jacobi lift of a such that

']w(o) =0 . and D“"]w(o) =Ww.
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Example. Let w=v. Then

1,(2) = ta'(1).

Proof. One verifies at once that #,(0) = 0, and since D,a’ = 0, we also
have
Dyn(t)=o'(f) and  Diy,=0=R(d, ).

Remark 1. Defining a Jacobi lift implicitly has the geodesic o in its
definition. If, say, a = 0, this geodesic is uniquely determined by its initial
condition oz’(()} =, so the Jacobi lift is also determined by v. Thus one
could write nw for the Jacobi lift. In the present discussions, this won’t be
necessary since we deal systematically with a fixed «

Remark 2. In a chart, the derivative #’(0) can be computed in the naive
way since #7: J — TX is defined on an interval. The naive derivative and
the covariant derivative D,# differ locally in a chart by a term linear in 7,
which therefore vanishes at 0 if #(0) = 0. Hence the naive derivative and
the covariant derivative have the same value at 0, that is

1’ (0) = Dyrn(0).

We note that, « being fixed, the association w + 7,, is linear. We now
have the possibility of orthogonalization.

Proposition 2.2. Let (X, g) be pseudo Riemannian. Let o: [a, b] — X
be a geodesic, and let n be a Jacobi lift of «. Then there are numbers c,
d such that

(1, &) (t) = c(t — @) + d.

In fact, d = (y, ') ,(a) and ¢ = (Do, o) (a). If n(a) and Dyn(a) are
orthogonal to o (a) then 5(t) is orthogonal to o'(t) for all t.

Proof. Using the metric derivative, and Do’ = 0 since « is a geodesic,
we find that o(y, a'), = (Den, '), and then

*(n, o), = (D2, o), = R(e', 1, o, &) = 0.

Hence (5, ') is a linear function, whose coefficients are immediately
determined to be those written down in the proposition.

Proposition 2.3. As above, let o'(0)=v. Write w=cv+w, with
(w1,v), =0. Then 5, has the decomposition

Nw =ty + 1,5 also written  n,,(t) = cto'(t) + 7, (t). -

Furthermore 1, is orthogonal to o, that is (fhyy» @) = 0.
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Proof. Immediate from Proposition 2.2,
Next we get the similar orthogonalization of D,

Proposition 2.4. Notation as in Proposition 2.3, we have an orthogonal
decomposition

Dy1,, = cDyt, + D, also written  Dym,(t) = co' () + Darnpy, (2)-

2
In other words, if w1 Lo'(0), then Dy, Lo'. Furthermore (Dy1,)” is
constant.

Proof. For the first assertion, we take the derivative and use Prop-
osition 2.3 to get

0= a(?]wl, d,)g = (Dul}]wl, d,)g.
For the second, we then obtain for n =17,:

Dy, Da”])g = Z(Dazz'”, Da’”)g
= 2{R(e, )a’, Dt}

If 7 = 5, so n,(t) = to/(£), then the right side is 0 because Ry is alternating
in its last two variables. This concludes the proof.

Remark. If # =7, with w1 a’(0), then we cannot necessarily conclude
that the derivative is 0.

The next lemma will give us information on the rate of growth of a
Jacobi lift, and the convexity of its square.

Lemma 2.5. Assume (X, g) Riemannian. Let 1 be a Jacobi lift of u.
Let f(t) = |[n(?)ll- Then at those values of t > 0 such that y(t) # 0, we
have

= i "3((Dar1)’7 (Darm, )2) + i "Rz(“ 7).

Proof Straightforward calculus, using the covariant derivative. The
first derivative f’ is given by

B 1
f, = (']2) 1/2(']7 Du"])g = ﬁ”_"(”’ Da"])g'
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Then f” is computed by using the rule for the derivative of a product. In
the term containing (D27, 1)g> We replace D%y by R(«',n)o (using the
definition of a Jacobi lift) to conclude the proof of the lemma.

In the above lemma, we note that on the right side, the first term is
= 0, and the second term is = 0 if R, = 0.

Proposition 2.6. Let a: [0,b] = X be a geodesic. Let we T,pX,
w#0. Let n,=nq, =n be the unique Jacobi lift satisfying

7,0=0 and Dy, (0) =w.

If (X, g) is Riemannian and Ry 20 (so (X, g) has seminegative cur-
vature), then for t e [0, b] we have

()l 2 Iwlle  and in particular — |ln(1)|| 2 ||wl| if b= 1.

Proof. Let h(t) = ||n(2)]| — ||wl|it for 0 £t <b. Then A is continuous,
h(0) =0, and by Lemma 2.5, #" = f” > 0 whenever 7(f) # 0. One cannot
have #(t) = 0 for arbitrarily small values of ¢ # 0, otherwise D,#(0) would
be 0 (because in a chart U, #},(0) = Dy%(0)). In fact, we shall prove that
there is no value of ¢t# 0 such that #(f) =0. Suppose there is such a
value, and let #, be the smallest value > 0. In the interval (0, fo) we have
A" 2 0 by Lemma 2.5, so &’ in increasing. But the beginning of the Taylor
expansion of # in a chart is

O =wi+0(@), s lm ()=,

Furthermore, h’(0) exists and is equal to 0, so #' =20 on [0, ), so A is
increasing, and there cannot be a value # > 0 with #(#) = 0. Then the
above argument applies on the whole interval [0, b] to prove the desired
inequality on the whole interval. This concludes the proof of Proposition
2.6.

Remark. These results essentially stem from Cartan [Ca 28]. The above
version without coordinates, which extends to the infinite dimensional case,
comes from [BiC 64]. Readers may find it instructive to compare this
version with the one involving coordinates given in [He 78], pp. 71-73.

Proposition 2.6 is used for the subsequent application to the Cartan—
Hadamard theorem (Theorem 3.7), based on Theorem 6.9 of Chapter
VIII, whose origin is in Hadamard for surfaces [Ha 1898] and Cartan
in general. (Here and at several other places, I rely on Helgason’s very
useful bibliographical comments.)
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Variations of geodesics
By a variation of a curve o one means a C? map
o: la,b]xJ - X

where J is some interval containing 0, such that o(s, 0) = a(s) for all s.
One then writes

o(s, 1) = a(s),

and one views {o} as a family of curves defined on [a, b]. If all curves o,
are geodesics for ¢ € J then one says that ¢ is a variation through geodesics.

Lemma 2.7. Let 6: J; x J, — X be a C? map. Then on lifts of o to the
tangent bundle, we have the equality of operators

DD, — DDy = R(010, 020).

Proof. The formula can be verified in a chart. It follows directly from
the definitions, especially using the local expression of Proposition 1.2.

Proposition 2.8. Let o: [a, b] x J — X be a variation of a geodesic a
through geodesics. Let

n(s) = G0(s, 0).
Then n is a Jacobi lift of o, said to come from o or associated with o.
Proof. Given o, we have

D?8,6 = D1D16,0 = D1D2816 by Lemma 5.3 of Chapter VIII
= D,Dy610 + R(8,0, 020)016 by Lemma 2.7.

But D;d;0(s, t) = 0 because o, is a geodesic, whence D2y = R(«, 7)o/, s0
7 is a Jacobi lift of a, as was to be shown.

Theorem 2.9 (Variation at the Beginning Point). Let a be a geodesic in
X with initial value 0(0) = x. Let z, we T)X. Let f be a curve such
that
B(0) = a(0) and  B(0) =z
Let
(1) = Pg p(a' (0) + tw) = P§ (o' (0)) + tPg (W),

o(s, t) = expy SC(_t)-
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Let o,(s) = o(s, t). Then oo = o, ¢ is a variation of « by geodesics {a;},
and o is the unique geodesic such that

w(0)=B() and o (0) ={(2).
In particular, if w=0, then ,(0) = P{ 4(o'(0)). Furthermore, let
n(s) = d20(s, 0).
Then n=1,,, is the unique Jacobi lift of « with initial conditions
n0)=z and  Dyn(0) =w.

Proof. The stated values for ,(0) and o;(0) are immediate. Then from
the definition of parallel translation,

(%) {(0)=0a'(0) and  Dpl(0)=w,

because if y,(¢) = Pg 4(v), then Dyry, = 0 and we can use the standard rule
for the derivative of the product ¢Pg 5(w).

Then o(0, ¢} = f(t), so we obtain the initial conditions:
1(0) = 0,0(0, 0) = B'(0) = z;
D,.%(0) = D;0,6(0, 0) = D,016(0, 0) by Chapter VIII, Lemma 5.3
= (Dp Texpg(0))(0)
=Dpl(0) =w by (x),

thus concluding the proof.

Example. Constant curvature. Let (X, g) be Riemannian. As an
example, we shall now determine more explicitly the Jacobi lifts when
(X, g) has constant curvature. Since the covariant derivative is invariant
under a scaling of the metric, we may as well assume that the curvature
is 0 or +1. In the next three proposition, we let x € X and we let ve T, X
be a unit vector. As usual, we let a = o, be the geodesic

a(t) = exp, ().

For we T, X we let 5, = ;753) be the Jacobi lift of o, satisfying the usual
initial conditions

”w(o) = 0 and Da'”w(o) = w.
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Finally, we let 3, = yﬁf) be parallel translation of w along o, so
7,(0) =w and Dy, =0.

Proposition 2.10. Assume that the curvature is 0, or equivalently that the
Riemann tensor R is identically 0. Then for all we T X we have

17,(8) = (1)

Proof. The two curves t — #5,(f) and ¢ — 1y, (f) have the same initial
conditions. Also they satisfy the same differential equation, namely

Dly,=0 and  D2(t,(2) =0.
Hence they are equal, thereby proving the proposition.

The next two propositions deal with constant curvature +1. We recall
that we wrote down the Riemann tensor explicitly in those cases in §1. We
may therefore write down the differential equation for a Jacobi lift more
explicitly in those cases, as follows.

Proposition 2.11. Assume that (X, g) has constant curvature —1. Then
the Jacobi differential equation has the form

!

2
(1) Da”]w =Ny — (']w7 al>ga g
Furthermore, if we orthogonalize w with respect to v, so write

w=cov+ciu with ¢, ¢ € R and a unit vector u 1 v,

then

2) Hlt) = cote! () + (sinb H)ery, (1)-

Proof. The orthogonalization of Jacobi lifts comes from Proposition
2.3, so we want to identify the orthogonal components of the Jacobi lift of
o, with scalar multiples of parallel translation. It suffices to do so when
w=wv and w=ulv separately. The example following Theorem 2.1
already gives us the v-component, so we may assume w = u. In this case,
the reader will verify that the two curves

t— n,(1) and t — (sinh £)y,(2)

have the same initial conditions at 0 (for their value, and the value of their
first covariant derivative). They also satisfy the same differential equation,
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namely 5
D a’nu = ﬂu

and similarly for the other curve, since Dy, = 0. Hence the two curves
are equal, as was to be shown.

Thirdly we deal with constant positive curvature.

Proposition 2.12. Assume X has constant curvature +1. Let xeX.
Then the same formulas hold as in Proposition 2.11, except for a minus
sign on one side in formula (1), and with sinh ¢ replaced by sin t in

Sformula (2).

Proof. The arguments are the same. Using sin ¢ instead of sinh ¢ just
guarantees that the differential equation

Dg’ﬂu =1

is satisfied, with the minus sign.

This concludes our analysis of the Jacobi lifts in the cases of constant

curvature.

The Jacobi differential equation has at least two main aspects. One of
them will be applied to a study of the differential of the exponential map
in the next section. The other will be applied to variational questions in

Chapter XI, §1.

IX, §3. APPLICATION OF JACOBI LIFTS TO Texp,

We continue to assume that (X, g) is pseudo Riemannian, unless other-
wise specified.

We are interested in Jacobi lifts because they give precise information
concerning the differential of the exponential map, for instance as in the
following result. In the statement, if v € 7 then we identify 7,7 with Ty,
as we usually do for a Banach space.

Theorem 3.1. Ler xe X and ve Ty. Let o (defined on an open interval
containing 0) be the geodesic such that a(0) =x and «'(0) =v. Let
we Ty and let n,,=1n,,, be the Jacobi lift of o such that

n,0)=0 and  Dyn,(0) =w.

Then for r > 0, in the interval of definition of o, we have the formula

1
Texpy(ro)w = —1,,(r)-
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In particular, w lies in the kernel of Tex ; :
i p.(rv) if and onl -
Furthermore, if we let () only i () =0.

o(s, t) = exp, (s(v + tw)),
then n,,(s) = d20(s, 0).

Proof. The curve o, is a geodesic for each , and

00(s) = exp,(sv) = a(s),

SO o is a v_ariation of o through geodesics. Let #(s) = d20(s, 0). Then 7 is
a Jacobi lift of o by Proposition 2.8. Let f(s, 1) = s(v+ tw). Then

020(s, 1) = (Texp,) (f(s, 0))(@f /&1) = (Texp,)(f (s, 7)) (sw).

Hence #(0) = 0. Furthermore this same expression yields the formula of
the theorem,

n(r) = (Texp,) (f(r, 0))rw = (Texp,) (ro)rw.

Taking tlhe limit as ro 0 in the formula, noting that in a chart
Dyn(0) = '(0), and using Texp,(0) =id proves that Dyn(0) =w and
concludes the proof of Proposition 3.1.

The Jacobi lifts also allow us to give a more global version of the
Gauss lemma of Chapter VIII, Theorem 5.6.

Propqsition 3.2 (Gauss Lemma, Global). Ler (X, g) be pseudo Rie-
mannian. Let x € X and ve TyX. Let the exponential map r — exp, (rv)
be defined on an open interval J. Then for all we T, X we have

{Texp,.(ro)v, Texp,(ro)w), = (v, W),

Proof Immediate from Proposition 3.1 and the orthogonalization of
Proposition 2.3.

Variation of a geodesic at its end point

Next we shall give another way of constructing Jacobi lifts, which will not
be used until Chapter XV, Proposition 2.5. Readers interested in seeing at
once the application of Jacobi lifts to the Cartan—-Hadamard theorem, say
may omit the following construction. ,

?,et x, ye X with x #y be points such that y lies in the exponential
image of a ball centered at O, in TxX and such that the exponential map
exp, is an isomorphism on this ball.
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Thus this ball provides a normal chart at x. Let « be the geodesic
parametrized by arc length joining x to y, so there is a unit vector u € Ty
such that

a(s) = exp,(su) and y = exp,(ru) for some r > 0.

Thus dist,(x, y) =7. Let e be a unit vector in 7X, and let B be the
geodesic such that

B(0) =y (so fstarts at y) and p'(0) =e.

We consider an interval of the variable ¢ such that f(r) is contained in the
image of the previous ball around x. For each 1 we let «, be the unique
geodesic from x to p(f), parametrized by arc length. Then {o,} is a
variation of a, namely oo = o, and it is a variation through geodesics,
illustrated on the next figure, drawn when e is perpendicular to o'(r) to
illustrate Proposition 3.3.

0]

The above variation will be called the variation of x at its end point, in the
direction of e.

Proposition 3.3. Let y = exp,(ru) be in a normal chart at x as above,
with the unit vector u. Let a(s) = exp,(su), and let {0} be the variation
of o at its end point y in the direction of the unit vector e € TyX. Also
denote this variation by o, and let n(s) = 0,0(s, 0). Assume that e is
orthogonal to o' (r). Then Dy is orthogonal to o, and n is the unique
Jacobi lift of « such that

7(0)=0 and n(r)=e.

Proof. First note the uniqueness. If there is another Jacobi lift having
the last stated property, then the difference vanishes at 0 and r, and
by Theorem 3.1 this difference must be 0 since the exponential map is
assumed to be an isomorphism from a ball to its image, which contains

y = exp(ru).
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Next, the variation ¢ is given by the formula
o(s, 1) = a(s) = exp,(su(r)) ~ suchthat  exp,(s(du(z)) = B(2),
where u(r) is a unit vector, and s(f)u(z) is the vector whose exponential is

B(2). Thg polar coordinates s(r) and u(r) depend as smoothly on ¢ as the
exponential map, or its inverse. Then

020(s, 1) = Texp, (su(t))su'(2),
so that (since u = u(0)),
n(s) = Texp,(su)su’(0)
= Huw(0) (s),
because from Theorem 3.1, we see that D,n(0) = #'(0). Since u(r)? = 1, it

follows that 4'(0) is perpendicular to ’(0) = u, s0 Dy is orthogonal to
o’. Furthermore

B'(2) = Texp, (s()u(®)) (s(t)u' () + 5" ()u(1)),

and since s(0) =r, we find

e = f'(0) = Texp,(ru) (ru'(0) + 5" (O)u)
= Texp,(ru)ru’(0) + Texp,(ru)s’(0)u.

Since e is assumed orthogonal to o'(r) = Texp,(ru)u, and u'(0) is also
orthogonal to u, we must have s'(0) = 0, whence the relation

e=Texp,(r)r'(0)  or  n.p(r) =e

This proves the proposition.

Transpose of Texp,

In the next _results we are concerned with the differential of the exponential
map at arbitrary points, namely for v e T, such that exp, is defined on the
segment [0, v], we are concerned with

Texp,(v): Tx — Ty, where y = exp,(v),

especially whether this map is an isomorphism, or what is its kernel.
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Theorem 3.1 describes a condition for an element w to be in the kernel in
terms of a zero for a suitable Jacobi lift. We shall exploit this condition to
see that under some circumstances, there cannot be a non-trivial zero. We
first give a lemma from Ambrose [Am 60].

Lemma 3.4. Let (X, g) be pseudo Riemannian. Let y, { be Jacobi lifts
of a geodesic a. Then

(Do, ), — (n, Dul), Is constant.

Proof. We differentiate the above expression and expect to get 0. From
the defining property of the covariant derivative, the derivative of the

above expression is equal to

(D2, £) + (Dartf, Dool) = (Dartty Dorl) = {11, Dol
= (DZn, &) — (DGL, )-
=R, n, &', {) = R, {, o, 1)
=0
by the symmetry property of R. This proves the lemma.

The next lemma, from McAlpin’s thesis [McA 65], describes the adjoint
of the differential of the exponential map.

Lemma 3.5. Let (X, g) be pseudo Riemannian. Let o (defined at least
on [0, 1)) be the geodesic such that «(0) = x and o'(0) =v. Let

YA S Ta(l), we Ta(o),
and let

v* = —a/(1) = — Py,
where P is the parallel translation along o'. Then

(Texpy) (V)W, 2)oq1y = (W, TeXPy(1)(07)2)5(0)-

Proof. Let { be the Jacobi lift of « such that {(1) = 0 and Dy (1) =z.
Let # be the Jacobi lift as in Theorem 3.1. Then

(Texp,(v)w, z) = (n(1), Duwl(1)) = (Dan(1), {(1)) + C = C,
where C is the constant of Lemma 3.4. We compute C to be

C = —(Do(0), £(0)) = —(w, £(0))-
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Let rev(a) be the reverse curve, so that rev(a)(f) = a1 — ), and let & be
the unique Jacobi lift of rev(x) such that

6(0) =0 and Drev(a)’é(o) = z.

Then in fact &(¢) = {(1 —¢), and applying Theorem 3.1 concludes the
proof.

Seminegative curvature

We apply the above results to the case of seminegative curvature. The
next proposition gives us a criterion for the kernel of the differential of the
exponential to be trivial, and we use Jacobi lifts in the proof.

Theorem 3.6. Let (X, g) be Riemannian. Assume (X, g) has semi-
negative curvature. Then for all xe X and ve Ty, v +# 0, such that exp,
is defined on the segment [0, v] in Tx, we have

| Texp,(v)wll, Z llwll,  for all we T, X.

In particular,
Ker Texp,(v) =0.

Proof. Let n,, be the Jacobi lift as in Proposition 3.1, so that

Texp,(v)w = n,,(1).

The asserted inequality is then a special case of the inequality found in
Proposition 2.6. This inequality implies that Ker Texp,(v) =0, which
concludes the proof.

Observe that the estimate on the differential of the exponential states
that the inverse Texp,(v)™" is bounded by 1, as a continuous linear map.
Of course, so far, this inverse is defined only on the image of Texp,(v).
In the finite dimensional case, invertibility is immediate. In the infinite
dimensional case, it is in McAlpin’s thesis [McA 65], as follows.

Theorem 3.7 (McAlpin [McA 65]). Ler (X,g) be a Riemannian—
Hilbertian manifold with seminegative curvature, and let x € X. Assume
that exp, is defined on all of Ty (what we called geodesically complete at
x). Then for all ve Tx the map Texp,(v) is a topological linear iso-
morphism, and in particular, exp, is a local isomorphism.



IX, §3)
2 CURVATURE [
25

is injecti nd has a
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2231; reasoning to the adjoint (Tex}llax(v)) Tzexpez(lgy st

i ioint also has kernel 0. Hence N =
" ﬂ.ll:fdie;(gotlﬁe proof of the theorem. (See also Chapter §
conc

Hadamard for surfaces [Ha 1898], by

The next theorem was proved by R et
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X—Xisaco
is an isomorphism.
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d that exp, 1s & 1oca} ‘ :
proveis surjectivef and that it 1s a covgr;ni.f

i rem 6.

But all the work has been done, becausg we sn;lzg Zp—plg(:)hefc:) g
i — T, having the given m = , e .
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and by Theorem 3.6 this inverse satisfies

ITe2)Il, <1

for all z € X, where the norm is that of a continuous linear map from T,x
to Ty X, with their structures of Hilbert spaces due to g. The inequality
of the corollary is then immediate from the definition of the length of curves,

Corollary 3.11. Suppose that (X, g) is a Cartan—Hadamard manifold.
Then any two points can be Joined by a unique geodesic whose length is
the g-distance between the two points.

Proof. Immediate from Corollary 3.10, because if X, y are the two
points, then y = exp,(v) for some ve T, X » and the geodesic o such that
(t) = exp, () joins the two points, is unique by the Hadamard—Cartan
theorem, and has length (Il

Remark 1. The above corollary is of course mostly subsumed in the
finite dimensional case by the Hopf-Rinow theorem, but it was noticed in
the Hilbert case in McAlpin’s thesis [McA 65]. Furthermore, McAlpin
observed that one can define on the ball B(2/c) with ¢ > 0 of a Hilbert
space E a bounded seminegative metric, as in the finite dimensjonal case,
namely for xe B(2/c) and v, we E we let

4(v, w)
4 —2x2°
Then the ball has curvature —c2. Note that for constant curvature K one

has R(v, w)z = K((z, w)v — (z, v)w).

(v, W), =

Similarly one shows that the sphere has constant positive curvature.
Standard proofs that the only simply connected manifolds with constant
Curvature are all of E, a sphere of finite radius for positive curvature, and
the above example for negative curvature, work in the Hilbert case, and
will be given below.

Remark 2. Proposition 3.2 can be interpreted as implying that the
geodesics which come from rays starting at the origin in the tangent space
are orthogonal to the g-spheres in X. Of course it may happen that the
exponential map is not an injective map of 7, into X (as on the circle or
2-sphere), so the orthogonality interpretation holds only when it makes
sense. In the particular case of seminegative curvature and completeness
of the Cartan~-Hadamard theorem, the interpretation is valid everywhere.
Note that Proposition 3.2 in the case of seminegative curvature is also a
special case of the “local”” result on orthogonality, Theorem 5.6 of Chapter
VIII, because we have a global chart coming from the Cartan-Hadamard
theorem, and the previous arguments are valid for this chart.
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We now work out as examples the cases of constant curvature.

Theorem 3.12. Let X be Riemannian complete, simply connected. Let
xo € X.

(a) If R=0, ie if X has O curvature, then the exponential map

expy: T X — X
is an isometry.
(b) Suppose the curvature is constant, equal to —1. Let Y also be
Riemannian complete, simply connected, and let y,eY. Let
L: T, X - T, Y be a linear isometry, and let f: X — Y be

defined by
f=exp,oLo exp;o1

so f is a differential isomorphism according to Theorem 3.8. Then [
is an isometry. In other words, up to an isometry, there is only one
complete Riemannian manifold with given constant negative curva-
ture modeled on a given Hilbert space ( finite dimensional or not).

Proof. For (a), we use Theorem 3.1 and Proposition 2.10 which shows
that the exponential map amounts to parallel translation, so is an iso-
metry. For (b), we argue in a similar way, but a bit more complicated.
We have to show that for each x e T, X the map

Tf(x): TXX—% Tf(x)Y

is a linear isometry. Since Texp, (0) = id, it follows that Tf(xo) = L, so
Tf(xo) is a linear isometry. Assume x # xp. Let x = exp, (rv) with some
unit vector ve Ty, X and r > 0. Let #®) denote the map which to each
we Ty, X associates the Jacobi lift #, of Theorem 3.1. Then

Tf(x) = Texp,, (L(rv)) o Lo Texp,, (rv)™!
= Texp,, (rL(v)) o Lo Texp,, (rv) ™!

1 1) L)
=-—n""(r)oLo|-n"(r)) .
r r

The map Texp, (rv): TxX — TxX is a linear isomorphism. To show that
Tf(x) preserves norms is equivalent to showing that

ITf (x) o Texp,,(rv)w|| = || Texp,, (ro)w]| for all we T, X.

But we have

W Tf (x) o Texp, (ro)w|| = || Texp,, (rL(v)) L(w)||  for all w e T} X.
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We may now use Proposition 2.11 and Theorem 3.1 which describe Texp
in terms of its components in the y-direction and a direction orthogonal
to v, and parallel translation. Since in Proposition 2.11 the respective
coefficients 1 and (sinh r)/r are the same whether we take Texp,,(rv) or
Texp,, (rL(v)) because L is an isometry, preserving orthogonality and
changing unit vectors to unit vectors, it follows that in the notation of
Proposition 2.11,

. 2
07 — iTexp, (L) L0,

ITexpy (romi? =  + i

thus proving (b), and concluding the proof of the theorem.
We also have the following variation in the case of positive curvature.

Theorem 3.13. Let X be Riemannian, complete, simply connected, with
sectional curvature +1. Then X is isometric to the ordinary sphere of the
same dimension in Hilbert space.

Proof. The proof is similar, except that one cannot deal with the
exponential defined on the whole tangent space 7,,X. For convenience,
we let X be the unit sphere in Hilbert space of a given dimension, and we
let Y be Riemannian, complete simply connected with sectional curvature
+1. We can then define the map f on the open ball of radius 7. The same
argument as before, replacing sinh r by sinr, shows that f is a local
isometry. We then pick another point x; # +xp. We let

Tf(xl) e L[t Tx1X 4 Tf(xl)Y-

Just as we defined f = f, from xo, we can define f; = f, from Xx;.
Then f and f; coincide on the intersection of their domain, and thus define
a local isometry X — Y. By Theorem 6.9 of Chapter VIII, this local
isometry is a covering map, and since Y is assumed simply connected it
follows that f is a differential isomorphism, and hence a global isometry,
thus proving the theorem.

Remark. The above theorems may be viewed as fitting a special case of
a theorem of Cartan, cf. [BGM 71], Proposition E.IIL.2.

IX, §4. CONVEXITY THEOREMS

We begin with a formula for the variation of geodesics, and apply it to get
a convexity theorem.
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Let ¢ = o(s, ) be a variation of geodesics o,: [a, b — X in a Rie-
mannian manifold, so «,(s) = o(s, ). The geodesics &, are not necessarily
parametrized by arc length. We let

1) = L(x)

be the length, and we put

b
h(s, t) = ||010(s, DI, sothat  f(r) = J h(s, 1) ds.

a

For simplicity, we omit the subscript g and write ||010(s, £)||. We can
differentiate under the integral sign, so that

b
fl(t) = %L(at) == J 62h(s, t) ds,

b
o= L(oc,) = J 82h(s, 1) ds.

Hence to determine f”(¢) it suffices to determine 04 and &2h. Having
assumed that every «, is a geodesic simplifies the computation. We note
that

h= (20, B10))>.

Theorem 4.1. We have

(1) O2h = ”6 ” (D2010, 010),,,

(2) 6§h ” ! " ((Dzald) (610') — (Dzalo', 610'> )
1
”al ” Rz(azo', 610')

Proof. The first formula comes directly from the definition of the
metric (Levi-Civita) derivative. The second is obtained at once by using
the rule for the derivative of a product, and setting

D216 = Ry(820, 810)020,

which is the Jacobi equation satisfied by the variation of geodesics. Then
we take the scalar product with ;6 to obtain the term on the far right,
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with the Riemann tensor
Rz(ézO’, (310') e (R(azo', (310')(320’, (310')0.
This concludes the proof. It is essentially the same as Lemma 2.5.

Theorem 4.2. Ler X be a Riemannian manifold, and let 6 = o(s, t) be a
variation of geodesics {o,}. Let u be the (varying) unit vector tangent to
these geodesics, namely

u= /|00l
Let v be the orthogonalization

V= Dzalo' e (Dzald, u)gu
Then
2 = (D2016)% = (Dyd40, ”>§ >0,

and for the length £(t) = L(«;), we have

b
y [
£ (t) = J m (v2 + Rz(ala, 620'))(.5‘, t) ds.

Proof. Immediate from Lemma 4.1 and the definitions.

Remark. From the expression for £, we see that usually one has the
strict convexity ¢” > 0. This occurs for instance if R, is strictly positive,
or if ¥ is strictly positive. If there is some value of 7 such that (s, 1)2 =0
for all s, then D,010 is proportional to u at this value of r.

In Chapter X, §1 we won’t assume that each «, is a geodesic, but we
will be interested in another aspect, namely the special value at ¢ = 0, that
is #”(0), so we shall carry out the computation in that context.

We define a Hadamard, or Cartan-Hadamard manifold to be a com-
plete Riemannian manifold, simply connected, with seminegative curva-
ture. We formulate the next two theorems locally on a convex set in a
manifold with seminegative curvature. They apply globally as a special
case to Cartan—-Hadamard manifolds, where we can use Corollary 3.11.

Theorem 4.3. Let X be a Riemannian manifold with seminegative
curvature (R, 2 0), and U a convex open set. Let B, B, be disjoint
geodesics in U, defined on the same interval. Let o: |a, b — U be the
geodesic joining (1) with B,(t), and let £(t) = L(a,). Then £"(£) = 0 for
all t.
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Proof. Immediate from Theorem 4.2 and the hypothesis that Ry 2 0.
For estimates of (), see [BuK 81], 6.6.

Next we consider the special case when f; is constant, i.e. we measure
the distance between a given point and the points on a geodesic which
does not contain the given point. We obtain a strict convexity result as

follows.

Theorem 4.4. Ler X have seminegative curvature. Let U be a convex
open subset. Let y be a geodesic in U not containing a point x € U. For
each t at which y is defined, let a,: [0, 1) — U be the geodesic joining x
with y(t). Let £(t) = L(a;). Then ¢"(t) >0 for all t. In particular, on
an interval |11, 1y) where y is defined, the maximum of L(ey) for t€ [t1, 2]
occurs only at the end points, with t =1 or t =1.

Proof The picture is as follows. We suppose there is a point ¢ such
that ¢”(c) = 0.

As in Theorem 4.2, let o(s, t) = a,(s), put a(s) = o(s, ¢) and let
ﬂ(S) = 620'(.5‘, C),

so # is a Jacobi lift of «. From the integral expression for ¢"(c), using the
variation formula (2), we conclude from the Schwarz inequality that D,d10
is proportional to dio at r=c. Using the standard fact D30y = D12
(Chapter VIII, Lemma 5.3), we conclude that D, is proportional to o,
i.e. there exists a function ¢ such that

Dydy0(s, ¢) = ¢(s)10(s, ¢), thatis Dyn = go'.

We finish the proof using an argument shown to me by Quian. By
Proposition 2.3, we can orthogonalize

77=¢°<'+57

where ¢ is a lift of o orthogonal to o', and ¢ is some function. .By
Proposition 2.4, we have also an orthogonal decomposition after applying

D, that is
* Da’” - lp,OC, + Dalf.

[IX, §4] CONVEXITY THEOREMS 259

Since D,#n has been shown to be proportional to o', we conclude that
D,.& = 0. Since #(0) = 0 it follows that £(0) = 0, and & being a Jacobi lift,
it follows that & =0, because a Jacobi lift is determined by initial con-
ditions at a given point. Thus finally we obtain

n() =y(a'(1),  thatis  y'(c) = d0(1, c) = Y(1)o’(1).

This means that the geodesic y is tangent to the geodesic a at the point
7(c), and hence these two geodesics coincide since a geodesic is determined
by its initial conditions at a given point. However, we assumed that x
does not lie on y, so we get a contradiction which concludes the proof.

Corollary 4.5. Let X be a Cartan—Hadamard manifold. Then every ball
in X is convex.

Proof. Let x be the center of the ball, and let xo, x; be points in the
ball. If x lies on the geodesic between xy; and x; then the Cartan—
Hadamard theorem shows that this geodesic is the ray passing through
the origin of the ball, so lies in the ball. If not, then we can apply
Theorem 4.4.

Note. Concerning Theorem 4.4, readers may find it instructive to
compare the version here with Lemma 5.15 in [ChE 75].

We shall complement the convexity theorem by a geometric description
of the first derivative of the length. The statement is quite general.

Theorem 4.6. Let X be a Riemannian manifold and let x € X. Let U be
a convex open set in X such that

exp,: V—-U

is an isomorphism of some convex open set V in T, containing 0y, with
U. Let y be a curve in U not containing x, and let o, be the geodesic
segment from x to y(t). Let 6(t) be the angle between y and o,. Let the
length of o, be

£(t) = L(at).
Then ¢'(t) = ||y'(£)| cos 6(z).

In particular, if ty is such that {(ry) is a local minimum and y' (1) # 0,
then o, is perpendicular to y at y(ty).

Proof. Let us first prove the result in euclidean space. Let t — v(f) be a
curve in a euclidean space, and let F(r) = [[v(r)]|, with the euclidean norm
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denoted by the double bar. Then

N ) G S
s DR i e (a4 B = (01

BT B oI + 2| +h) — u(t)|| cos ©;)
‘hl_l,%’+2||v(t)||h(”v(t+h) o))" + 2@l lo(z +A) —v

where ©, is the euclidean angle from the law of cosines; namely for a
euclidean triangle with sides a, b, ¢ one has

c? = a? + b* + 2ab cos ©
where © is the angle opposite the side ¢. But

lo(z+ k) — o(®)||* = O?)  for h—0,
SO

Fl(t) — hli)l(l),]+ “U(t + h)y] - ”U(l)" — "U,(l)” cos ©,.

This proves the formula in the euclidean case. ‘
For the general case, let ¢+ v(z) be a curve in V such that
exp, v(r) = y(1). Let

a,(s) = exp,(sv(1)), 0<ss,
so that «; is the geodesic between x and y(r) = a,(1). Then
oal(1) = Texp, (v(D)v(r) and (1) = Texp, (v(2))v'(2).
By the global Gauss lemma, Proposition 3.2, we have
(@ (1), ¥'(0)), = (0(8), V(D) g0y

where the scalar product on the left is taken in the tangent space at y(o),
and the scalar product on the right is taken in the tangent space at x. By
definition of the usual formula for scalar products, we obtain

(Ol 17" @1, cos 6(1) = @)l (D)l cos ©:.

We have [of(1)ll, = lo(1)ll, because exp, preserves distance along rays.
Thus we obtain the relation

&) [l (D)l cos 6(2) = lIv" (D, cos ©:.
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We apply this to show that ¢’ = F’, namely

. L+ h)—-£(D) . 1
/, = —— —— = —_—
(0= Jim —— s 22000

= F'(1) = |0/ (1)l c05 ©,,

(¢(t+h)? — £(1)?)

because /(1) = L(o) = ||o(¢)]| g(x)> and we can apply the euclidean result.
This proves the theorem. The proof more or less follows that of Helgason,
[He 78], Chapter I, Lemma 13.6, but the theorem is valid in greater
generality than stated by Helgason.

Remarks. If the curve y is parametrized by arc length, then the factor
l7'(6)l| disappears from the formula, and we simply get

¢'(t) = cos O(¢).

Note that the theorem applies globally to a Cartan-Hadamard manifold,
but curvature considerations were not necessary for the formula to be
true. However, the next theorem provides seminegative conditions under
which Theorem 4.6 can be applied.

Corollary 4.7. Ler X be a Cartan—Hadamard manifold. Let x € X and
let y be a geodesic which does not contain x. Then the distance d (x, y(5))
has a unique minimum for some value to. The geodesic from x to y(to) is
perpendicular to y at y(t).

Proof. That the distance has a minimum comes from the fact that the
geodesic distance goes to infinity as r — +oo. Because the line is locally
compact, there is some minimum, and the convexity Theorem 4.4 shows
that this is the only minimum, with the distance being strictly decreasing
for ¢+ <1 and strictly increasing for ¢ = ;. Theorem 4.6 concludes the
proof.

Since two distinct points in a Cartan-Hadamard space are joined by a
unique geodesic, it follows that two distinct geodesics can intersect in only
one point.

Next we give an application of the metric increasing property as in
Helgason [He 78], Chapter I, Corollary 13.2.

Theorem 4.8. Let X be a Cartan—Hadamard manifold. Let ABC be a
geodesic triangle whose angles are A, B, C and whose sides are geodesics
of lengths a, b, and c. Then:

(i) a®>+b%><c?+2abcos C;
(i) A+B+C<m
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Proof. Let x be the vertex of angle C. Let exp,(v) and exp,(w) with v,
we Ty be the vertices with angles 4, B respectively. Then the geodesic
sides of angle C are «, § respectively, with

a(s) = exp,(sv) and B(s) = exp,(sw),

and 0 £ s< 1. The picture is as follows.

(2]
OX b

We let © and 6 be the angles as shown, and cos 8 = cos C by definition.
Actually, we have

(4) cos ) = cos ©.

Indeed,
(al(o), ﬁl(0)>g . (TCXPX(O)U, Texpx(o)w)g(x) = (U, w>g(x)'

The left side is equal to [|a’(0)]| [|B'(0)]|, cos 0, and the right side is equal
to ||v]|,]lw|l, cos ®. Trivially oc’(O) =0 and B'(0) = w, so (4) follows. So
far, we have not used seminegative curvature. It comes next.

We have a? + b% = dist(v, w)? + 2ab cos ©. By the distance increasing
property of the exponential map, the inequality (i) follows.

As for (ii), since each geodesic side of the geodesic triangle has length at
most equal to the sum of the other two sides, it follows that there exists a
euclidean triangle with sides of lengths a, b, c. Let ©¢ be the angle of this
euclidean triangle corresponding to C. Then

a? + b? = ¢? + 2ab cos Oc.

By (i) it follows that cos C = cos ®¢, and hence ©¢ = C. Similarly,
©®4 24 and O = B. But

O4+0p+0c=nm.
This proves (ii) and concludes the proof of the theorem.

The moral lesson of the above results is that Cartan—Hadamard
manifolds behave like, or better than, ordinary euclidean space.
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IX, §5. TAYLOR EXPANSIONS

We shall deal systematically with the Taylor expansion of various curves.
We consider a curve in X, say of class C2, not necessarily a geodesic,

o J = X,

and we assume 0 € J, so 0 is an origin. We suppose given a spray on TX,
giving rise to the covariant derivative. For we T,X we let

y: t— p(L, w)

be the unique a-parallel curve with initial condition (0, w) = w. Recall
that o-parallel means D,y = 0. We denote paraliel translation by

=P, =Py, TyoX = TuynX
Then P! is topological linear isomorphism, as we saw in Chapter VIII, §3.

Proposition 5.1. Let n: J — TX be a lift of o in TX. Then
7(r) = P’ZD ;7(0 + o™  fort—0;

or alternatively,

m

tk
70 =Y y(n Da,n(O))F+0(1’"+l) for t — 0.
k=0 )

Proof. The second expression is merely a reformulation of the first,
taking into account the definition of parallel translation. Since ¢ — 0, the
formula is local, and we may prove it in a chart, so we use 7, y to denote
the vector components 7, yy in a chart U, suppressing the index U. Let

m k
B =n(t) = > ¥(t, DEn(0)) %

k=0

From the existence and uniqueness of the ordinary Taylor formula, it will
suffice to prove that for the ordinary derivatives of f, we have

B0y =pM@)=0 for k=0,...,m

By definition, note that B(0) =0. Let wx = DXB(0). Since D,y =0,
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we have
k—j

DLB(t) = D}(1) — Z HE w7

Therefore
D;,B(0) = Dy,5(0) — (0, w;)
=wj — Wj

=0.

We now need a lemma. We let E be the Banach space on which X is
modeled.

Lemma 5.2. Let f: J — E be the vector component of a lift of a. If
D!,B(0)=0 for 0 < j<m then ¢’/f(0)=0 for 0<j<m.

Proof. By definition,
Dy =p — B(a; o, ).
Hence D,B(0) = B'(0). We can proceed by induction. Let us carry out

the case of the second derivative so the reader seces what’s going on.
Hence suppose in addition that D2,8(0) = 0. From the definitions, we get

DL =pB" — [01B(a; o, B)o’ + B(a; a”, B) + Bla; o, )]
— B(a; o, B’ — B(a; o, B).

Since B(0) = f'(0) = Dp(0) = 0 we find that
0= DZ, B(0) = " (0),

thus proving the assertion for m = 2. The inductive proof is the same in
general.

We apply the above considerations to Jacobi lifts.

Proposition 5.3. Suppose that o is a geodesic. Let w € Toyo)X and let 1,,
be the Jacobi lift of « such that n,,(0) =0 and Dyn,(0) =w. Then

n,,(t) = P* [wt + R(o(0), w, o'(0)) 3 '] + O(r%).

Proof We plug in Proposition 5.1. Since D2y, = R(«, 1,,, ') con-
tains #,, linearly, the evaluation of the second term of the Taylor expan-
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sion at 0 is 0. As for the third term, we have to use the chain rule. To be
sure we don’t forget anything, we should write more precisely

R(e', 7, @') = R(o5 ', 7, &)
to make explicit the dependence on the extra position variable. But it
turns out that it does not matter in the end, because no matter what, the
chain rule gives
D3n, = R(o/, Dy, ') + terms containing #,, linearly,
so D2,(0) = R(o'(0), w, «/(0)), which proves the proposition.
From Proposition 5.3, we get information on the pull back of the
metric g of a pseudo Riemannian manifold, to the tangent space at a given

point.

Proposition 5.4. Let (X, g) be a pseudo Riemannian manifold, and let
xeX, Fixv, we T, X. Then

exp} () (g)(w, w) = w? +1Ry(v, w2 + O(3)  for t —0.
where we recall that Ry(v, w) = R(v, w, v, w).

Proof. From the theory of Jacobi lifts, applied to o(r) = exp,(tv), we
have the formula

%ryw(t) = Texp,(tw)w.

Therefore modulo functions which are O(¢}) for ¢ — 0, we get from
Proposition 5.3

exp; (9)(t)(w, w)

(. 7m0 -

S

t2
=(w+R(v, w, v) = ,w—|—R(v,w,v)—>
< 3! 3 o)
2
3v

i

= w? + 2R, (v, w)

which proves the proposition.
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The preceding proposition gives us the Taylor expansion of the

mapping
f(v) = exp,(g)(v) for veT,X

along rays through the origin. Observe that
i TX - L} (T.X)

is a map of the self-dual Banach space 7,X to the space of symmetric
bilinear forms on 7, X (actually the open subset of non-singular forms).
The map f has a Taylor expansion

(*) f@) = £0)+ f1(®) + f2(0) + O(’) ~ for [v] =0,

where v — |v| is a Banach norm on 7, and where f, and f, are homo-
geneous of degree 1 and 2 respectively. Since the homogeneous terms in
the Taylor expansion are uniquely determined by f, and since we com-
puted their restrictions to rays through the origin in Proposition 5.4, we
now obtain:

Theorem 5.5. Let (X, g) be a pseudo Riemannian manifold. Let x e X.
Forve T X let q(v) € Lszym(TxX ) be the symmetric bilinear function such
that
1
q(U)(Wl, W2) :ng(v, wi, U, WZ)'
Let the metric g be viewed as a tensor in Lgym(T X), and let f be the pull

back of the metric g in a star shaped neighborhood of 0y in T X where
the exponential map is defined. Then

() = g(x) + q(v) + O(lv]*)  for |v] — 0.

CHAPTER X

Jacobi Lifts and Tensorial
Splitting of the Double
Tangent Bundle

Chapter IX dealt with two related main topics, involving estimates for
the exponential maps via Jacobi lifts, and the Cartan-Hadamard theorem
concerning seminegative curvature. The present chapter goes somewhat
deeper into both topics. In addition, it is instructive to treat systematically
the splitting of the double tangent bundle. A special case is treated ad hoc
in the extension of the Cartan—Hadamard theorem to the normal bundle
of a totally geodesic submanifold in §2, but it is worth while understanding
the fuller structure in general.

Logically, the rest of the book does not depend on this chapter, which
may therefore be omitted by readers interested in the other subsequent
topics. In Chapter XI, we return to manifolds with seminegative curvature
in another context. Chapter XII gives a prototype example for Cartan—
Hadamard manifolds. Thus Chapters IX through XII provide a much
more systematic account of seminegative curvature than is usually found in
differential geometry texts.

X, §1. CONVEXITY OF JACOBI LIFTS

This section complements §2 of Chapter IX. We investigate the convexity
of Jacobi lifts. We compute the second derivative of the square, which turns
out to be semipositive or positive under the condition R; =0 (semi-
negative curvature). This section and the next are based on notes of Wu,
leading up to an extension of the Cartan-Hadamard theorem. I am much
indebted to Wu for his notes and explanations. Cf. also the historical note
in §2.

267
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Lemma 1.1. Let (X, g) be a pseudo-Riemannian manifold and let o be a
geodesic. Let n be a Jacobi lift, and

£(s) =n(s)* = (1(s), 1(5))-
Then

f'=2Dun, ’Y)g and f"=2Ry(o, 1) + Z(Da’ﬂ)z-
If X is Riemannian and Ry 20 (seminegative curvature), then " 2 0.
Proof. The first derivative comes from the defining property of the

Levi-Civita (metric) derivative along curves, as in Chapter VIII, Theorem
4.3. This same reference then also yields the second derivative

2(D2, 1)y + 2{Dutf, Dom),
= 2R(o, 7)o, 1), + 2(Durn)’?

f”

by the Jacobi differential equation. This proves the formulas. The final
statement is then immediate, thus concluding the proof.

Theorem 1.2. Let X be a Riemannian manifold with Ry =0 (semi-
negative curvature). Let o be a geodesic and n a Jacobi lift with n(0) = 0
but Dyn(0) #0. Let

f(s) =n(s)”.
Then f(0) = f'(0) = 0. Furthermore, we have convexity:
f"(s) =0  foralls.

Thus f'(s) <0 for s< 0 and f '(s) 2 0 for s > 0, with the corresponding
semi-decreasing and semi-increasing properties of f for s <0 and 520
respectively.

Proof Immediate from the definitions and assumption on R, taking
Lemma 1.1 into account.

Remark. The quantity Ry(o’, &) + (Da(:é)2 with various lifts & of o will
come up repeatedly in Chapter XI, in several variational contexts. Lemma
1.1 and Theorem 1.2 perhaps give the simplest manifestation of the
phenomenon involved.

Next we consider the situation of Jacobi lifts which are not O at the
initial point, but whose covariant derivative may or may not be 0.
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We let o be a geodesic with initial value
a0) =yeX, so that  a(s) = exp,(se'(0)).
We let f be a geodesic with initial conditions
B0)=a(0) and p'(0)=zeT,X,

so o and f start at the same point.
We let { be a lift of § in TX, with the same initial value as o', that is

{(0) = e/(0).

With these data, we define the {-variation of o along f, or also the B, O-
variation of « (at the beginning point) to be

a,(s) = a(s, 1) = expg, (1)

This is trivially a variation through geodesics, and we have the initial
conditions

(1) o (0) = f(2), o, (0) = {(t) = &10(0, ©).

We let # be the Jacobi lift of o coming from this variation, that is

(2) n(s) = dr0(s, 0), sothat  #(0) =z

The variation and Jacobi lift are designed to investigate the growth of # as

in Proposition 2.6 of Chapter IX, rather than D,#(0). As in Lemma 1.1,
we let

£(8) =n(s)* = (n(s), n(s)),-
We shall find an expression for f’ different from the one in Lemma 1.1.

Lemma 1.3. Let 5 be the Jacobi lift of o coming from its (B, {)-variation
at the beginning point. Let f =n*. Then

£1(0) = 2(Dy)¢, 7(0)),-
Proof. Starting with the expression in Lemma 1.1, we get

F(0) = 2Dy, 1),(0)
. Z(Dc(o)'% ’7(0))g
= 2(Dy)¢, 1(0)),
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In this step, we need for the covariant derivatives of curves the analogue
of the formula for the covariant derivative of vector fields, with the
difference being formally equal to [, {](0). Furthermore, from (1) and (2),
# and ¢ are obtained as the images under ¢ of the commuting vertical and
horizontal unit vector fields in the (s, f)-plane, so the bracket is equal to
0. We let the reader fill in the details of the above arguments, to conclude
the proof.

We end this section by specializing the situation somewhat with con-
ditions which arise for the application we have in mind in §2.

Let Y be a submanifold of a Riemannian manifold X. We define Y to
be totally geodesic if Y is closed, and if every geodesic in X with initial
conditions in (Y, TY) is contained in Y. It is a simple matter of
foundations, which will be taken care of systematically in Chapter XIV,
§1, especially Theorem 1.4, that a geodesic in Y is also a geodesic in X.
The next proposition provides a tool corresponding to Chapter IX,
Proposition 2.6.

Proposition 1.4. Let X be a Riemannian manifold and let Y be a totally
geodesic submanifold. Let o be a geodesic in X, o(0) =ye Y. Let o be
the (B, {)-variation of « defined above. We suppose that B is a geodesic
in Y, so in particular, f'(0)=ze TyY. Let n be the corresponding
Jacobi lift of a, and let f =n.

(i) If ¢ is orthogonal to Y, ie. its values are in NY, then f "0y =0.
(ii) If in addition X has Ry = 0 (seminegative curvature), then f(s) is
weakly decreasing for s <0, weakly increasing for s 20, and

f(s)= f(0)  foralls,
50 ”rj(s)” = ”11(0)” Sfor dll s.

Proof Since Y is totally geodesic, the second fundamental form
hia(n, ©)(0) =0 by Theorem 1.4 of Chapter XIV. Then combining
Theorem 1.5 of Chapter XIV and Lemma 1.3 which was just proved, we
obtain f/(0) = 0. The other assertions are immediate from the convexity
f"(0) =0 of Lemma 1.1. This concludes the proof.

Remarks. Proposition 1.4 will be used only in the next section. The
foundational material of Chapter XIV occurs in parallel to the consid-
erations of the present chapter, with intersection just at this single point.
Thus I decided in favor of the present organization, with a localized
appeal to Chapter XIV, which will not interfere with the general logical
development. Similarly, in the next section, we shall also appeal to
Chapter XIV for the fact that in a totally geodesic submanifold, parallel
translation is the same as in the ambient manifold.
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_ Mpre cor.lvexity results will be given in §3, but I found it worthwhile to
give immediately an application of Proposition 1.4 in the next section.

X, §2. GLOBAL TUBULAR NEIGHBORHOOD OF A
TOTALLY GEODESIC SUBMANIFOLD

In Chapter IX, we dealt mostly with the exponential map defined on a
fixed taggent space 7xX. We shall now consider systematically the
exponential map on the tangent bundle, and some applications extending
the Cartan—Hadamard theorem. Like the preceding section, the exposition
is based on notes of Wu.

Let X be a Riemannian manifold. We recall that an open subset U of
X is said to be convex if between two points of X there is a unique
geodesic of X lying in U joining the two points, and the length of this
geodesic is the distance between the points. In particular, X itself is an
open set, in which case we may speak of X being convex. For example, a
Cartan-Hadamard manifold is convex by Corollary 3.11 of Chapter IX.
However, some of the formalism to be used is local, and it is appropriate
to formulate it as such, but this involves additional notation to describe
small neighborhoods of points.

We shall again deal with a totally geodesic submanifold ¥, and from
Chapter XIV, Theorem 1.4, we shall invoke that along geodesics in Y,
parallel translation with respect to Y is the same as with respect to X. In
particular, parallel translation in X between two points yo, y in ¥ maps
T, Y on T,Y. Since parallel translation preserves the scalar product, we
conclude that it induces a metric toplinear isomorphism

P’:N, Y — N,Y.

Let X be convex (so in general, we may be dealing with an open subset
of an arbitrary Riemannian manifold). Let Y be a totally geodesic sub-
mgm‘fold. If X is complete then we may compose the exponential map
with parallel translation, and for given y,, we may define the mapping

E=E;,:YxN, Y- X
by the formula

E(y, v) = exp, P} (v) forve N, Y.

If X is not .complete, then we may fix v, and let y lie in some open set
where exp, is defined at P} (v). Then E is defined on a product

E:UxV—-YX,

where U is a neighborhood of some point y, and ve V.
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Lemma 2.1. Let § be a geodesic in Y with f(0) = y and p'(0) = z. For
veN, Y, let p(t) = (B(t), v). Let

(”v(t) = E(ﬁv(t)) . expﬁ(t) Pfgt)(v)‘
Then
¢,(0) = TE(y, v)(z, 0).
Proof. This is just the chain rule.

We let y, yo be two points of X, and ve N, ¥. We let o be the
geodesic with initial conditions

«0)y=y and  o'(0) = P (v);
so that
a(s) = exp, sP} (v).

0

We shall now associate a (f8, {)-variation of « at its beginning point. Let 8
be a geodesic in Y, with initial conditions

(1) p0)=a(0) and p0) =z

so o and f start at the same point. Let

¥ () =POw) sothat  {(0)=o(0),
and

(3) o(s, t) = expg, sE(1).

This (f, {)-variation of o will be called the parallel variation of o along f
depending on (yg, ¥).

Proposition 2.2. Let X be convex and let Y be a totally geodesic
submanifold. Let yo, ye Y. Letve Ny Y. Let f, { be the curves c-leﬁned
in (1) and (2) above, and let 3 be the Jacobi lift associated with the
variation ¢ defined in (3). Then

'7(0) =z and '7(1) = TE(y, U)(Z, 0)
Proof Putting s =0 in the definition of ¢, we obtain
(0, 1) = expg(y(0) = B(2),

so the value #(0) = z drops out. For 5(1), we just apply Lemma 2.1 to
conclude the proof.

Next we start global considerations.
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Theorem 2.3. Let X be a convex complete Riemannian manifold, and let
Y be a totally geodesic submanifold. Then Y is also convex complete.
Let yoe Y and let

P, Y xN, Y- NY
be the map such that for each yeY and ve N, Y we have
Py (3, v) = P} (v).
Then Py, is a vector bundle isomorphism, trivializing the normal bundle.

Proof. This simply amount to the fact that flows of differential
equations depend smoothly on parameters, and that parallel translation is
invertible by parallel translation along the reverse geodesic.

Given a chart U of Y at yy, it follows that U x T}, is a chart at the
corresponding point in NY. Of course, Y itself admits a global chart,
given for instance by its own exponential mapping at yo. So once the
point yq is selected, there is a canonical way of constructing a global chart
for the normal bundle. The next application will be global.

We shall always take ¥ x N, Y with its Riemannian product structure.
Thus Y has the Riemann metric restricted from X, and N, has its positive
definite scalar product restricted from 7,,X, so the “constant” Riemann
metric is on the fiber. At each point, the product has the Hilbert space
product metric satisfying the Pythagoras theorem.

Theorem 2.4 (Wu). Let X be a Cartan—Hadamard manifold. Let Y be a
totally geodesic submanifold. Fix a point yoe Y. Let

E:YxN,Y > X

be defined by E(y, v) = exp, P} (v) for ve N, Y. Then E is metric semi-
increasing.

Proof. For zeT,Y and v, we N, Y we have to show that

ITE(y, v)(z, W)l 2 ||(z, w)||-
The product Hilbert space metric by definition gives
Iz W = 1z 01 + 10, w)II? = |zl + fjwll*-
The Gauss Lemma 5.6 of Chapter VIIL, §5 implies that

ITE(y, v)(z, w)I* = ITE(3, v)(z, O)II> + | TE(y, 1)(0, w)|[*.
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Hence we need only prove separately that

ITE(p, v)(z, 0)II Z lI(z, 0)]| = =]

. WTE(y, v)(0, wil Z (0, w)l| = [Iwl].

The second inequality is simply the metric semi-increasing property of
Chapter IX, Theorem 3.6. As to the first inequality, we may now quote
Proposition 1.4 (ii) and Lemma 2.1 to conclude the proof.

We arrive at the extension of the Cartan-Hadamard theorem, what we
shall call the global tubular neighborhood property.

Theorem 2.5. Let X be a Cartan—Hadamard manifold and let Y be a
totally geodesic submanifold. Let NY = NxY be the normal bundle over

Y. Let
eXpNY: NY — X

be the restriction of the exponential map to the normal bt_mdle, so we cc.zll
expyy the tubular neighborhood map. Then expyy Iis @ differential
isomorphism, so that Y admits a global tubular neighborhood.

Proof Fix a point yo € Y. Parallel translation Py, gives a differential
isomorphism from Y x N,, to NY be Theor.em 2.3, gnd we transport th-e
product Riemannian metric to NY via this isomorphism. Tl}en expyy 18
metric semi-increasing. By Theorem 6.9 of Chapter VIIL it .suﬁ‘ict.as to
prove that expyy is a local Cl-isomorphism. In the finite dimensional
case, we are done, just as for the ordinary Cartan-Hadamard theorem. In
the infinite dimensional case, we have to argue a bit longer..

We now let v denote an element of NY, say ve N, Y, anq it suffices to
prove that Texpyy(v) is invertible, by the inverse mapping theorem.
Suppose Texpyy(v) is not invertible. Let r > 0 be tl}e smallest value such
that Texpyy(rv) is not invertible. Such a vah_xe exists bef:ause eXpyy 18
locally invertible at each point of the zero section, this being the tubular
neighborhood theorem. Let

L(s) = Texpyy(sv) for O0Zs=r
Then {L(s)} is a family of bounded operators
L(s): E(s) — F(s),

where {E(s)}, {F(s)} are the families of tangent Banach spaces varying
continuously. One has the following trivial lemma.
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Lemma 2.6. Let E, F be Banach spaces. Let {A(s)} (0 <s<7) be a
continuous family of bounded operators, such that A(s):E —F is
invertible for 0 < s <r, and there is a uniform lower bound ¢ > 0 such
that

[A(s)| = ¢  for O<s<r.
Then lim,_,, A(s)™" exists and is a bounded operator inverse of A(r).

Proof. We write
A@s) ™ = A(s) T = AT Ay ~ A(s)) A(s)

Taking the norm, we see that the family {4(s)™'} is Cauchy, so has a
limit, which is the desired inverse by continuity.

Now using charts, there are fixed Banach spaces E and F such that E(s)
and F(s) are isomorphic to E and F respectively, by invertible operators
varying continuously. Theorem 2.5 shows that there is a lower bound
|L(s)| 2 ¢ >0 independently of s for 0 < s <r. The operator L(s) cor-
responds to an operator A(s): E — F in the charts, and we can apply the
lemma to the family {4(s)}, to yield an invertible limit operator AR
Going back to the family L(s) concludes the proof.

Example. See Theorem 3.7 of Chapter XII and subsequent comments.

Historical note. A statement equivalent to the map expyy being a
bijection is given by Helgason [He 78], Chapter I, Theorem 14.6, in the
finite dimensional case. Helgason does not mention the normal bundle, and
does not deal with the further item that the map is a local isomorphism.
Helgason saw his theorem “as a generalization of a decomposition theorem
due to Mostow for a semisimple Lie group”, see p. 96 and his Theorem
1.4 of Chapter VI, as well as the historical comment, p. 279, referring to
Mostow [Mo 53]. The differential structure is missing in his and Mostow’s
statements, as when they make the decomposition only “topologically”.
This can be traced back to the way Theorem 14.6 of Chapter I was stated
and proved. A result in this direction, in the context of semisimple Lie
groups and symmetric spaces is given by Loos [Lo 69], pp. 160-161, with
the differentiability property.

We see the fact that expyy is a differential isomorphism as a gen-
eralization of the tubular neighborhood theorem to the global context of
Cartan-Hadamard manifolds. When I wrote to Wu to suggest that
Theorem 2.5 should be valid, he wrote back: “A very good observation.
It will add fuel to your frustration with geometers, however, if T tell you
that it is well known, but nobody bothers to write it up. A student here in
the seventies asked me and I wrote it up for her, but of course I didn’t
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dare to publish it.” Wu and others also dealt only with the finite
dimensional case, where it suffices to show that Texpyy has trivial kernel
at each point to prove that expyy is a local differential isomorphism.
Wu’s argument went through with slight difference in wording in the
infinite dimensional case. However, as for the ordinary Cartan—-Hadamard
theorem, an additional step has to be carried out. The step I have given
with the family of operators showing that the limit is invertible, replaces
Lemmas 3.4 and 3.5 of Chapter IX. When the submanifold Y is not just
a point, the situation of Chapter IX, Lemma 3.5 is not symmetric, and it
is not clear to me how to formulate a description of the adjoint of the
normal exponential map TE or Texpyy, ie. how to formulate the
analogue of McAlpin’s lemma.

For further comments, see the end of Chapter XI, §4.

The next three sections expand the fundamental material on Jacobi lifts
and their convexity properties, as well as returning to the splitting of the
double tangent bundle alluded to in Chapter IV, §3. Readers interested in
seeing at once further considerations about Cartan-Hadamard spaces may
skip the rest of this chapter, and go directly to §1, §2, §3, and §4 of the
next chapter.

X, §3. MORE CONVEXITY AND COMPARISON RESULTS

1 am much indebted to Karcher for explaining to me the material of the
present section. Cf. [Ka 89] for more material, especially p. 182.

We continue to let X be a Riemannian manifold, and n a Jacobi lift of a
curve in X. We don’t need a symbol for the projection 7z in X, and we
shall use the notation D,# to denote the covariant derivative taken over
this projection, that is D, in full notation.

We consider the function

o(s) = (0 _16)

52 52

instead of the function #? as in the previous section. We let J = (0, b) be
an interval on which n is defined and such that y(s) # 0 for seJ. For
simplicity we omit the subscript g from the scalar product in the tangent
bundle.

We let

(1) ho(s) = % and  h(s) = %*’7’—”;71@).

We are interested in the growth properties of 7, and so in the derivative ¢’.
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Lemma 3.1. Let the notation be as above, with o(s) = f(s)/s*. Then

o(s) = 1 (h@)—%) e =2(h<s)—§)

and

o= LQ YO 6110

Proof. Ordinary differentiation.

.O§sewe that the middle term occurs with a minus sign, and that a
priori, we don’t know where it is positive or negative. Of course, the third
term 1s 20, and Proposition 1.4 gave some information on the first term.

One of our goals is Theorem 3.4. We reach it by some calculus. We
want growth properties of 4, so we shall compute 4’. The orthogonal-

ilza;ition of D,n with respect to # will occur naturally, so we label it, and
efine ’

My =p= D,y — (D.y, ry)%.

Then we define the orthogonal term

£ _ D)’ o (D) (D 1)

5 =0.
] 7 n? (r?)*
Lemma 3.2. Let o =my. Then
2
2
7 " (n?)?
2 R 7
= ”;—2 + —2(:;2—'7) —

Ifroqf' The ﬁ.rst equation for 4’ is immediate from the definition of the
Levi-Civita metric derivative. The second comes from the definition of Ry

and the chobi equation for 7, as well as the definition of the orthogonal
term. This concludes the proof.

Since the orthogonal term is >0, we see that we get inequalities

relating 4’ and 4, depending on the sign of the term R,, i.e. depending on
the curvature. In particular:

(3) If R, =0 then W =-—K.
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In [Ka 89], Karcher views Lemma 3.2 as establishing a Ricatti equation
for &. From such an equation, one obtains an inequality as follows.

Lemma 3.3. Let hy, h be a pair of functions on some interval, satisfying

W <—h  and K =K.

AN

Then
((h — hyel @Y < 0.

So if hi(s1) = h(s1) for some s1 in the interval, then
h(s) = h(s) for s <.

Proof. First note that a constant of integration added to the indefinite
integral in the inequality would not affect the truth of the inequality.
Next, routine differentiation yields

((hn — W) BDY = (hf — b 12— 2)el D,

The exponential term on the right is > 0, and its coefficient is <0 by
hypothesis, thus concluding the proof of the first inequality. It follows that
the function (h; — &) exp( [(h1 + h)) is semi-decreasing. If hi(s1) = h(s1)
at some point s1, then this function is 2> 0 for s < s1, thus concluding the

proof.
Let h be the function defined in (1), and suppose #(0) = 0. Then
h{s) — ass — 0,

as one sees immediately from the Taylor expansion of the covariant
derivative. We are now ready for the main result of this section.

Theorem 3.4. Let X be a Riemannian manifold and n the Jacobi lift
of a curve in X. Assume 5(0) =0 but D,n(0) #0. Suppose R; =0
(seminegative curvature). Let h be as in (1), defined on an interval
J = (0, b) such that 5n(s) #0 for seJ. Then

1

N

In other words, the function ¢(s) = n>(s)/s* is semi-increasing on J.

h(s)  forseld.

IIA

Proof. Suppose ho(s1) > h(s1) for some sy € J. Then for some 6 >0,

h()(Sl +5) pd h(Sl).
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Let hi(s) =1/(s+0J). Then hj=—h} and hi(s1) 2 h(s1). We apply
Lemma 3.3 and let s —»0 (so s<us;). Then A (s) is bounded, but
h(s) — o0, a contradiction which proves the inequality 1/s < h(s)’. By
Lemma 3.1 we conclude that ¢(s) is semi-increasing. This proves the
theorem.

Rem.ark. The semi-increasing property of #%(s)/s? gives a refinement of
Proposition 2.6 in Chapter IX. Furthermore, Karcher mentions in [Ka 89]
thgt the case of Ry <0 (positive curvature) can also be reduced to a
Blcattl equation, but unfortunately he did not provide the details, which
1nyolve a formula with the second fundamental form. This item, together
with many others, would form a continuation of the present chapter in
ano.tl_ler book. (This is not a threat.) Keeping the comparison estimate to
positive or negative inequalities, the result is:

If RZ. <0, t{len the function ¢(s) = n3(s)/s* is semi-decreasing for s € J,
and in particular, ¢(s) < w? (because ¢ can be extended to the value
9(0) = w? by continuity).

X, §4. SPLITTING OF THE DOUBLE TANGENT BUNDLE

We return to basics concerning covariant derivatives and sprays. In
Chapter IV, Propositions 3.3 and 3.4, we gave the transformation formula
in charts for the bilinear map associated with a spray, and we pointed out
thgt a local object satisfying this transformation formula comes from a
unique spray. Given such a local object, one can also define a covariant
derivative directly without going through the spray, by means of the
transformation formula, that is:

Proposition 4.1. Let X be a differential manifold modeled on a Banach
space E. Suppose that we are given a covering of X by open sets

corresponding to charts U,V,..., and for each U we are given a
morphism

By: U — L, (E, E)

satisfying the transformation rule of Chapter IV, Proposition 3.3. In
other words, for each change of chart by a differential isomorphism

h:U—>V,
we have for v, w € E representing tangent vectors:

By (h(x); h'(x)v, B’ (x)w) = h"(x)(v, w) + h'(x)Bu(x; v, w).
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Then there exists a unique covariant derivative D such that in a chart U
for vector fields n, & we have

(Den)y(x) = 1y (x)Eu(x) — Bu (% Eu(x), ny(x))-

The proof is routine, just like Proposition 3.4 of Chapter IV.

If one takes a stronger definition of a covariant derivative to incor-
porate the existence of the bilinear map By in each chart U, then there is a
bijection between sprays and covariant derivatives. In the finite dimen-
sional case, Chapter IV, Theorem 2.4, we went through the argument
going backward without using the stronger definition, to connect with
the practice of many differential geometers. Others, like Klingenberg
[K1 83/95], do indeed include the additional structure of the bilinear map
in the definition of a covariant derivative.

From now on, we shall always assume that a covariant derivative is
associated to a spray, or equivalently, that in each chart U there is a
morphism By satisfying the stated transformation law, and such that the
covariant derivative has the expression repeated in Proposition 4.1.

We are ready to describe at greater length the double tangent bundle.
At the end of Chapter IV, §3 we mentioned the possibility of splitting
TTX. We now deal systematically with this splitting, which arose shortly
after Ambrose, Palais, and Singer introduced sprays [APS 60]. A splitting
was given by Dombrowski [Do 61], together with several other results
which we mention below. See also [Wu 65]. On the other hand, Karcher
explained to me another formulation of the splitting in terms of the pull
back of the tangent bundle, and we shall start with this, expressed in
Theorem 4.3. We go into the Dombrowski formulation afterward. Some
important applications are given in Eliasson [El 67].

We start with complements to the basic discussion of Chapter 111, §1
concerning the pull back of a vector bundle, and we shall apply it to the
tangent bundle 7 = ny: TX — X. Quite generally, given a morphism

[ X' =X
and a vector bundle p: E — X over X, the pull back f*E (or f*(p))
satisfies the universal mapping property for vector bundles over X, so that
a VB morphism E’ — E over f can be factored uniquely through f*E.
This is immediate from Chapter III, §1. In particular, let us take f = m.
We may take the pull back:

»TX =9, 1%

C

TX X
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In a chart U of X, a point of TU consists of a pair (x, v) with a vector
veE. Then as we said in Chapter II1, §1, we identify the fiber (n*7X), ,
with (7X), = T,X. In any case, the chart U on X, and the vector bundle
chart U x E for TX over U can be complemented with a vector bundle
chart for the pull back

(7*TX)y ——— (U xE) xE

(lv) J l

(TX)U — UxE

so that a point of #*TX in the chart is a triple
(x,v,2) e (UxE)xE.
In addition, the double tangent bundle 77X has the vector bundle chart
(TTX)y, —— (UXE)xEXE
(2v) J J
(TX)y — UxE

We have a vector bundle morphism Sy = T as in the following diagram:

S1=T71

X TX
® - |
TX - X
which in a chart gives
(UxE)xEXE 2% UxE
(3v) l l with (T7)y(x,v,2z,w) = (x,2).

UxE — U

Indeed, the projection pr;: U x E — U is linear, so its derivative at every
point is equal to pr; itself. The pair (z, w) represents a tangent vector at
(x, v) in the tangent vector space E x E.
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The above diagram then gives rise to the factoring map
K1: TTX - n*TX

of the double tangent bundle into the pull back, so we get the diagram of
VB morphisms

K1 7 (n)

7YX s T°TX X
(4) J l P with Trn=n"(n)ok;.
X » TX > X
id n

In the chart, these two squares become

n*(m)y

(UXE)xEXE —=Y , (UXE)xE UxE

(4U ) priz J 1PY12 jvpfl

UxE UxE U
id Py

with
K1,u(x v, z, w) = (x, v, 2) and n*(m)y(x,v, 2) = (x, 2).
Thus (4y) gives the factorization of (3y) in the vector bundle charts.
So far, these diagrams concern the tangent and double tangent bundle

without any further structure. We now suppose given a spray or covariant
derivative, so that we have the bilinear map By in a chart U.

Lemma 4.2. Given a spray or covariant derivative on X, there is a unique
vector bundle morphism over TX,

k2: TTX - n*TX

such that over a chart U, we have
(5v) Ko, u(x, v, z, w) = (%, v, w — By(x; v, 2)).

Proof. Let h: U — V be a change of charts, i.e. a differential iso-
morphism. In Chapter IV, §3 we gave the change of chart (2y) of 7TTX.
Let H = (h, h’). Then the change of chart for (77X), is given by the
map

(UxE)xExE 27, (v« E)x EXE
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such that
(H, H')(x, v, z, w) = (h(x), h'(x)z, h"(x)(v, z) + h'(x)w).

Then
Ko,y o (H, H')(x, v, z, w) = (h(x), h'(x)v, I’ (x)w)

because the term A”(x)(v, z) cancels in the last coordinate on the right.
This proves the lemma.

The next theorem puts together both maps x; and k».

Theorem 4.3 (Tensorial Splitting Theorem). Giver a spray, or covariant
derivative on a differential manifold X, the map

K= {(x1, k2): TTX - *TX @1y 7*TX
is a vector bundle isomorphism over TX. In the chart
(TTX), = (UxE)xExE
this map is given by
(6v) ku(x, v, z, w) = (x, v, z, w— By(x; v, 2)).

Proof. With the notation h, H, (H, H') as in Lemma 4.2, we conclude
that

ky o (H, H')(x, v, z, w) = (h(x), b'(x)v, h'(x)z, K (x)w),

so the family {xy} defines a VB morphism over TX. The expression of
the map in a chart shows that over U it is a VB isomorphism, which
concludes the proof. Note that the map xy is represented by a 2 x 2
matrix acting on the last two coordinates, and having the identity on the
diagonal.

Of course, one may phrase a variation of Theorem 4.3 by using the
mappings going all the way to 7X instead of the pull back 7*7TX. More
precisely, let us define

S TTX - TX (i=1,2) by S; =n*(n) oK.

Then: S;=Tnr, so in a chart U, Syu(x, v, z, w) = (x, 2);
S, is the unique VB morphism such that in the chart,

S2,v(x, v, z, w) = (x, w — By(x; v, 2)).
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Thus we obtain a morphism S = (Si, S2) of vector bundles

71X 299 v o TX

(7) nrx l j

TX X

4

whose local representation is actually given by a similar formula as (6y),
namely

(Tu) Sv(x, v, z, w) = (x, z, w— By(x; v, z)),

which just drops the v coordinate in the term on the right side.

One calls k) or S; the horizontal component, and x; or S, the vertical
component. The maps S} = 7n and S, are in fact the maps used by
Dombrowski [Do 61]. We now go into his formulation of the splitting.

We need to make some remarks about the covariant derivative D acting
on vector fields. Let {, ¢ denote vector fields over X. We have defined
D¢, but it is also convenient to use D without a subscript. Let VF(X)
denote the R-vector space of vector fields over X. Then we let

D: VF(X) — Hom(VF(X), VF(X))

be the linear map such that D{ e Hom(VF(X), VF(X)) and (D{)¢ = D¢l
The next lemma gives Dombrowski’s direct description of S, in terms of
the covariant derivative.

Lemma 4.4. Let X be a manifold with a spray or covariant derivative D.
There exists a unique vector bundle morphism (over r)

K:TTX - TX
such that for all vector fields &, { on X, we have
®) Dl =KoT({o& inotherwords, D=KoT

as operators on vector fields, so the following diagram is commutative:

™ — " L, T1TX

In fact, K = §,.
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Proof In a chart U, we let the local representation

KU,(x,v)3 EXE—E
be given by

(8v) Ky, (x,v)(z, w) = w— By(x; v, z),
so K = S, satisfies the requirements of the lemma.

Remark. Dombrowski gives invariant definitions, but goes finite
dimensional in his formulas, p. 76, and the footnote: “Here and in the
sequel we apply a non-orthodox usage of summation signs, in order to
make formulas more concise.” As far as making formulas more concise,
the use of the bilinear map By and the chart notation rather than local
coordinates are more effective. And they happen to make the statements
valid in infinite dimensions.

We have accumulated three maps
TTX — TX,

namely the maps S; = K, S; = T'n, and nyy. So far, we have put two of
them together. We shall now put all three together. As observed in
Chapter IV, §3, we view TTX as a fiber bundle over X, in addition to
being a vector bundle over TX.

Theorem 4.5 (Dombrowski Splitting Theorem). Let X be a manifold with
a spray or a covariant derivative. Then the map

(rx, 81, $2): TTX - TX@TX D TX
is an isomorphism of fiber bundles over X.

Proof. The map is well defined, and the previous chart formulas show
that it is both a bijection and a local differential isomorphism. We let
readers check this out in the charts to conclude the proof.

As Dombrowski remarks, if X is a Riemannian manifold, then one can
use the splitting theorem to define a natural Riemannian metric on 77TX.
Indeed, let g as usual denote the Riemannian metric on X. Let v € TX, so
veTyX with x=mnv. Let Z, We T, TX. We define the splitting metric
g = grrx by the formula

(Z, W); = §(Z, W) = (iZ, SIW), + (S1Z, S;W),.
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This metric was first defined in terms of local coordinates by Sasaki
[Sas 58], but the above formula was given by Dombrowski, who also
twists the metric by \/fl—, and defines an almost complex structure, thus
obtaining further results for which we refer to his paper. The Dombrowski
splitting was used subsequently by Eliasson [El 67] to define connections in
Banach manifolds, with applications to the manifold of mappings between
two manifolds.

Ambrose—Palais—Singer [APS 60] showed that there is one and only one
torsionless covariant derivative (connection) whose geodesics are the
Jacobi lifts, and that any other connection with the same property differs
from this one by a torsion tensor. Eliasson used the splitting to define
such connections [El 67], Theorem 3.2, p. 178. 1 regard such matters as
topics for another book.

X, §5. TENSORIAL DERIVATIVE OF A CURVE IN TX
AND OF THE EXPONENTIAL MAP

1 am further indebted to Karcher for this section, partly based on his
paper [Ka 77), p. 536. The paper contains more interesting material,
especially Appendix C in connection with present considerations.

We continue to consider a manifold X with a spray, or equivalently
with a covariant derivative. When we first introduced the covariant
derivative, we used vector fields as in §4, and then discussed the analogous
notion for curves. We follow the same pattern here, and we deal with
curves in the present section.

So let { be a curve in 7X. In terms of the vector bundle morphism S
defined in §3 (7), we may give the splitting formula for the derived curve ¢’
in TX, that is

(1) S¢' = (T, Diagy §) = ((#8)', Disgy €),
SO SC, = (ﬂl, Dﬂ’ C)a

letting f = =, or equivalently, { is a lift of B. We call S¢’ the tensorial
derivative of {. It has values in TX @ TX (as vector bundle over X).
We recall from Chapter VIII that in a chart U,

2) (Dpl)y = Ly — Bu(Bus By, Lv)-

As remarked following Theorem 3.1 of Chapter VIII, the local repre-
sentation {y of a curve in TU = U x E is taken to be the map on the
second component, ie. {y: J — E, and {;,(¢) is the ordinary derivative with
values {,(¢) e E also. Thus B,(2), {y(), {y(f) are “vectors”, giving the
local representation of these curves.
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Let U be a chart in X, so that U x E is a chart for TX over U. Let
9y < U x E be the domain of the exponential, which thus has the local
representation

expy: Yy — U.
We think in terms of pairs, so by abuse of notation, we sometimes write
expy: UXE - U,
with the understanding the expy is only defined on 2y. The tangent map
Texp: TTX - TX
then has a local representation at a point (x, v) € U x E given by the
linear map

expyg(*, v): EXE - E x E.

The following remark is merely a translation of Theorem 4.3 in terms of
curves.

Lemma 5.1. Let X be a manifold with a spray, or equivalently a

covariant derivative. Let B be a curve in X, and let { be a lift of f in
TX. Let

@(1) = expg(1),

so ¢ is a curve in X. Then in a chart U, ¢'(t) has the representation
(3v) oy (1) = expy (Bu(0), Lu(1) (By(D), (Dpd)y (D)),

or suppressing t,

(4v) oy = expy(By, {v)(By, (Dgl)y)-

Proof. This is immediate from Theorem 4.3, the local expression (2) for
the covariant derivative, and formula (1).

By abuse of notation, one sometimes omits the subscript U, and one
writes

(47) ¢’ = Texp({)(B', Dy{).

This way of writing exhibits an identification of T7X with z*7TX @ n*TX
as in Theorem 3.3, and a further identification of the fibers of n*7X with
the fibers of 7X itself. These identifications are not as dangerous as one
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might think, for a variety of reasons. First, they are made routinely in
the calculus of several variables in euclidean space or in Banach spaces,
for that matter. Second, one can give an invariant formulation which is
strictly correct at the cost of additional notation, as follows.
From our spray or covariant derivative, we had the vector bundle
isomorphism
TTX —— n*TX ®n*TX  over TX.

The tangent map Texp is a VB morphism
Texp: TTX - TX over exp: TX — X.
We now define the tensorial tangent map or tensorial derivative
Texp: " TX @ n*TX — n*TX
to be the unique VB morphism such that
7" (%) o Texp o x = Texp.

We shall complement this map by another one going all the way to TX in
Lemma 5.2.

Let {:J — TX be a curve in TX, lying above its projection f = n{ in
X. Let y: J — TX be another curve in 7X, defined on the same interval,

such that #y = n{. Then y has a pull back 7y to #*TX, depending on ¢,
and making the following diagram commutative:

J
% x
TX Ta
7*(m)
l .
{
J — TX — X

Then we have the valid formula
(3) n;9" = Texp({) (', 7; Dp:l).

On the other hand, instead of pulling back to #*TX and using the map
k = (x1, k2) one may stay on 7X and use the map S = (S, S2). Then we
may define the S-tensorial derivative Tsexp by means of the following
lemma:
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Lemma 5.2. There exists a unigue vector bundle morphism over X,
Tsexp: TXOTX - TX
such that the following diagram commutes:

Texp

/n*TXEBn*TX — — 'TX
TTX\ 1 17:'(”)
s TXeTX —— TX

Tsexp

The two vertical maps are vector bundle morphisms, the top vector bundle
being over TX and the bottom one over X. The composite map is

Texp: TTX — TX,

so both Texp and Tsexp represent Texp under the splitting maps.
Proof. Routine verification that everything makes sense.
With these definitions, we are in a position to formulate (47) without

any identifications. Hypotheses being as in Lemma 5.1, with { a curve in
TX and B = n{, we have

(6) ¢' = Tsexp({)(B', Dy)-

Thus the only thing needed to make (4?) meaningful (and valid) was to
replace the ordinary tangent map by the tensorial map, using the splitting
map S. Things could be worse.

Variations and Jacobi lifts

We now stick an extra parameter s to make up a variation. We let
o(s) = expg o) (s£(0))-

We define the (B, {)-variation of o by letting

(7) a(s) = o(s, 1) = exp(sL(8)) = expge (sL(1))-

Note that for each real s (such that s{(¢) is in the domain of the



290 JACOBI LIFTS AND TENSORIAL SPLITTING X, §5]

exponential), the tangent vector s{(2) lies in Ty X, so s{ = is also a lift
of p. For fixed ¢, the curve o is a usual geodesic, and we have

(8) o;(s) = Texpg, (sLs(2))¢(2),
with initial conditions
©) %u(0)=p() and  o(0) ={(0).
Indeed, let us put

Z(s, 1) = st(t) = Zy(s).
Then Z, is a curve in the tangent space T nX = TpX. Then

BiZ(s, 1) = Z}(9)

is now taken to be the ordinary derivative of a curve in a Banach space, so

Z](s) is also a vector, element of Tpy,X.
Next we define the usual Jacobi lift

1,(s) = 020(s, 1).
We let further
,(t) = o(s, 1) = a(s),

so @, is a curve in X, and ¢! is a curve in 7X. Then by definition,

(P.:(t) = 1n,(s)-

We have the initial conditions

(10a) 7(0) = B'() = go(0)-
(10b) (Deg1,)(0) = D1820(0, £) = D2810(0, 1) = (Dp:{)(1)-

In general,

(11a) 1,(s) = Tsexp(s¢(2)) (SC' (1))
= Tsexp(s{(t)) (B'(8), Dpr((s0)),
(11b) (Dy 1) (5) = D1020(s, 1) = Dy0y0(s, ).
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X, §6. THE FLOW AND THE TENSORIAL DERIVATIVE

Dombrowski actually defines his map K in terms of the flow, but for the
exposition of this section I again benefited from Karcher’s instructions.
We may complement (10) and (11) in §5 from another point of view. Let
® be the flow of the spray on TX. Thus @ is the global geodesic flow,
and is a function of two variables. For an element v € TX, so v e T, X for
some x, we have by definition

d
D(s, v) = Dy(v) = pa exp(sv) = Texp(sv)v.
Then ®; is a differential isomorphism

O,:: TX - TX,

The tangent map of the flow then fits in a commutative diagram which we
call the temsorial flow diagram, with maps T®, and Ts®, as follows.

T®s .

/ © _mTX@TTX ——— n*TXean*TXX
TTX/ l l /TTX
S\) TX @ TX TX®TX s

§Ws

With the notation of §5, ¢ — ®({(r)) is a curve in TX. Directly from
the definitions, we have

(1) o (s) = @s5(£(0))-
We may summarize some of the tabulations of §5 in terms of the flow.
Theorem 6.1. Let { be a curve in TX, let
o(s, t) = exp(sC(2)) =o(s) and  5,(s) = dr0(s, £).
Then the tensorial derivative of ®;c{ is given by

S(®@; 0 C)'(t) = (’hv Da,”?t)(s)-



292 JACOBI LIFTS AND TENSORIAL SPLITTING [X, §6]

Remark on notation. If { is a lift in TX of a curve f§ in X, we have
used systematically the notation Dg( for the covariant derivative. We
could also have written D(,,O:C. We used this notation to accompany the
notation when one takes the covariant derivative of vector fields. How-
ever, in the context of curves, the index of D is completely determined by
the curve ¢ in the tangent bundle. Therefore we also write D.{, the *
being forced, namely (n{)’. Then the formula of Theorem 6.1 reads

S(®; 0 C)I(t) = (1, Dung)(s),

which saves some double indices.

At Karcher’s suggestion, I include an application to a classical Liouville
theorem, formulated in contemporary language. We return to the can-
onical 2-form on the tangent bundle of the Riemannian manifold X, as
defined in Chapter V, Proposition 7.2. Of course, without the Riemannian
structure, the canonical 2-form is on the cotangent bundle, but with the
Riemannian structure, it is transferred to the tangent bundle as in Chapter
VII, §7, formula (1). The next result gives the representation of the
canonical 2-form in terms of the splitting coordinates. For this purpose, if
(41, B1) and (42, By) are pairs of vectors in T,X, the formula

Qs((41, By), (42, By)) = (A1, B2), — (42, Bi),
defines a 2-form Qs on TX @ TX.

Proposition 6.2. Let X be a Riemannian manifold, and let Q be the
canonical 2-form on the tangent bundle. Let ve TX, Z, WeT,TX.
Write

SZ = (A], Bl) and SW = (Az, Bz).
Then the canonical 2-form can be expressed in the form
Q(Z, W) = QS(‘SZr SW) = (Alr BZ)g - (A2a Bl)g'

Proof. This is a routine verification, which nevertheless has to be taken
seriously. We use a chart. Write Z = (z1, ) and W = (w1, w2) in the
chart, i.e. in E x E. Put together Chapter VII, §7, formula (1) for the
canonical 2-form on the tangent bundle, and Theorem 4.2 of Chapter
VIII, formula MS 1, giving the chart expression for the bilinear map By,
depending on the metric. Keep cool, calm, and collected; there will be
cancellations, due to the symmetry

(g'(x)u-w, v) = (g'(x)u- v, w)
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noted in Chapter VII, §7; you will use 141
In VI §7; 5+5=1; and the fo
Proposition 6.2 will drop out to concludezthe2 proof. S

In light of iti .
2-form.g of Proposition 6.2, we call Qg the splitting of the canonical

gheorem 6.3. Let X be a Riemannian manifold. Let  be the canonical
form on TX. Let veTX (so ve T, X Jor some x), and let Z
WeT,TX. Let ® be the flow of the spray on TX. Let ’

Y(s) = Q(TD,(v)Z, TDs(v) w).
Then y is constant. In other words, Q is invariant under the Slow.

Proof. We use Proposition 6.2. Let #,, 7, be the Jacobi lifts of the
curve s+ ay(s) = exp(sv) with initial conditions

n;(0) = 4; and  D,n;(0) = B;.
Then using Theorem 6.1 and Proposition 6.2, we get
¥ = (m, Dunp) — {1y, Dupy).
Hence using the basic property of the Levi-Civita metric derivative

V' = (m, Dny) — (o, D2ypy)

= (m, R(v, 1,)v) — (5, R(v,m;)v) by the Jacobi equation
=0

by one of the fundamental identities of i
. the Riemann tensor, Ch
§1, RIEM 4. This concludes the proof. prer 1%

Remark. In Ch.ap_ter XIII we shall investigate Killing fields, whose flow
preserves the metric in the Riemannian case. The situation is similar here

with the canonical 2-form, altho .
Killing field. ) ugh the spray is usually not called a



CHAPTER XI

Curvature and
the Variation Formula

This chapter is a direct continuation of Chapter IX, but in a new context,
the variation formula. Given a family of curve {a;}, their lengths L(a)
defines a function, and we are interested in the singular points of this
function on the space of curves especially the relative minima and the
second derivative test. We do not formalize the infinite dimensional space
of curves but work simply with families. We shall see that the Riemann
tensor plays an essential role in the expression for the second derivative,
which allows us to go futher than we did in Chapter IX, and especially in
proving the converse of Theorem 3.6, for which we have to deal with
positive curvature. The variation formula will allow us to estimate
growths of Jacobi lifts more generally than in Chapter IX.

XI, §1. THE INDEX FORM, VARIATIONS, AND
THE SECOND VARIATION FORMULA

We let (X, g) be a pseudo Riemannian manifold, with the corresponding
covariant derivative D. As a matter of notation, if w is vector in a
tangent space, then we write w? = (w, Wy If w2 =0, then we define
1/2
llwll = (w, w)g'™.
We begin by a general discussion concerning the Jacobi expression

defining Jacobi lifts. Let a: [a, b} — X be a geodesic. Let # € Lift(a). We
are interested in the expression

Din— R(o', n)o’
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and its square. By definition i i lift i
S sqn , # 1s a Jacobi lift if and only if thi
expression 1s equal to 0, and in the Riemannian case, it is equal toyO if anc?

only if its square is equal to 0. We shal .
Lift(«), namely: e shall also deal with a subspace of

Lifty(e) = vector space of lifts n of « such that

na =0 and #(b) =0.

For 5, y € Lift(a) we define the index

b
I(n,y) = L [{Dmt, Dory), + R(o', 7, o', 9)](s) ds.

Then I is a symmetric bilinear form on Lifi .
quadratic form is n Lift(e), whose corresponding

b
I(n, ) = j [(Du)? + Ro(ol, 7)](s) ds.
Similarly we define

Jacy(o) = subs_pa_ce of Jacobi lifts of o lying in Lifty(o), that is
vanishing at the end points. ’

Proposition 1.1. Let a: [a, ] — X be a geodesi ]
. : a, ic. The ind
Lift(a) also has the expression ’ T

I(n, y) = - J:[(Dfrn, Pg— R, 5, o', ))(s) ds
+ {Darnt, p)g(b) — (Durm, 7),(a).
In particular, if n is a Jacobi lift, then
I(n, y) = (Durny, 9)y(b) — (Dyrm, ) ,(a);
and if in addition v € Lifto(y), then I(n, y) = 0.
thaIt’roof From the defining property of the metric derivative, we know
XDty ¥)g = (D311, 1)y + (Dostt, Dry) .

Then the first formula is clear. If in addition n is a Jacobi lift, then the
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expression under the integral is 0 by definition, so ‘the second form_ula
follows; and if y € Liftg(«) then the expressions belonging to the end points
are equal to 0, so the proposition is proved.

Theorem 1.2. Let 5 € Lift(x). Then I(n,y) =0 forall ye Lifty(o) if and

only if ,
(DZn — R(«', n)a’)" = 0.

In the Riemannian case, this happens if and only if n is a Jacobi lift.
Proof. If n is a Jacobi lift, then by definition
D:’” = R(ala ”)aly

so I(n, ) = 0 for all y € Liftg(). Conversely, assume this is the case. Let
@ be a C* function on [a, b] such that p(a) = o(b) =0. Let

n=Diy~R@,na’ and y=o¢y.

Then y € Lifty(z) and by Proposition 1.1,

b 2
0=1I(n, ) = j o(s)71(5)? ds

This being true for all ¢ as above, it follows that y? =0, whence the
theorem follows. )

The previous discussion belongs to the general. theory of the J.acobl
differential equation. Previously, we developed. this theory to get 1nf(?ri
mation about the differential of the exponential map. The differentia
equation has another side to it, to which we now turn. We shall be

interested in two functions of paths a: [a, b} — X:

The length function

b
lle’(s)ll, ds  whenever o'(s)? = 2.

1) = L) = |

a

The energy function

b
EY(0) = E(@) = j o (s)? ds.

Note that the length does not depend on the parametrization, but the

energy does. We are interested in minimizing those functions.
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In calculus, one applies the second derivative test at a critical point of
a function, that is a point where the first derivative is 0. The second
derivative then has geometric meaning. One wants to do a similar thing
on function spaces, or the space of paths. Ultimately, one can define a
manifold structure on this space, but there is a simple device which at first
avoids defining such a structure for some specific computations. We are
specifically interested here in the example of the second derivatives

d2 d2

gal(@) and T E)

at ¢ =0. To compute these derivatives, we don’t need to give a differential
structure to the path space, we need only be able to differentiate under the
integral sign in the usual way. The computation of these derivatives is
called the second variation formula, and the end result is as follows, for the
variation of a geodesic. Observe how the index form enters into the result.

Theorem 1.3. Let a:[a,b] » X be a geodesic parametrized by arc
length, that is o (s)2 =1 for all 5. Let o be a variation of «, so that
04(8s) = o(s, t). Define

n(s) = 20(5,0)  and  v(s) = Don(s) — (Dun(s), o’ (s)),e'(5),

so v(s) is the normal projection of Dy (s) with respect to the unit vector
a'(s). Also define a second component along o'(s), namely

¥2(8) = (D2820, 816) i(s, 0) = (D1d,0(s, 0), a'(s)),.
Let Ry(v, w) = R(v, w, v, w) be the canonical 2-tensor. Then

d2
Et_fE (o)

=T m) +5a(b) — 12(a)

b
- j [(Da)? + Ra(a, m)](s) ds + 7,(b) — 1o(a).

As for the length, assuming the variation satisfies ot,’(s)2 20 forallt, s:

-{L(ar)

b
T = L V2 + Ry(a, 7)1(s) ds + y5(b) — 5(a),

=0

S0 this is the same expression as for the energy, except that Dyn(s) is
replaced by the normal projection v(s).
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If the curves t— a(a, t) and t— o(b, t) are geodesics, then
72(b) = v2(a) =0,

so the terms involving the end points are equal to 0.

Remark 1. The last assertion is immediate, since for any geodesic y, we
have D,y =0.

Remark 2. An example comes from Theorem 4.6 of Chapter IX, where

% is the geodesic between points B(f), B,(t), and By, B, are also geo-
desics. Then indeed, the constant of integration is equal to 0, and

—t{—z-L(at)

b
dr2 = J (v2 + Ra(o, ’7))-

a

t=0

For the proof of Theorem 1.3, we ned a lemma giving some expressions
for the square of the derivative of a family of geodesics. This lemma is
independent of the integrals which have just been considered, and we state
it in full. It is similar but more elaborate than the lemmas of Chapter IX,

8.
Lemma 1.4. Let (X, g) be a pseudo-Riemannian manifold. Let o be a
geodesic (not necessarily parametrized by arc length), and let 0 =o(s, t)
be a variation of a (not necessarily by geodesics), so o=y, and
o(s) = o(s, 1). Put
e(s, 1) = (D10, D10),(s, ) = )(s).

Define n(s) = 020(s, 0) and

12(5) = (D2d20, 810) (s, 0) = (D2d20(s, 0), &'(s)),-

Then
(1) d26(s, 0) = 2(Duni(s), @'(5)),,
2) 2e(s, 0) = 274(s) + 2Ra('(5), 1(s)) + 2(Darri())”.

Proof. We shall keep in mind that from the definitions,

Don(s) = D1826(s, 0).
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For the first derivative, we have

62e = 52(510', 6la)g
= 2(D;010, 010), because D is the metric derivative

= 2(D10,0, 010), by Lemma 5.3 of Chapter VIIL

This proves the first formula. For the second, we continue to differentiate,
and obtain

d3e = 82(D120, dy0),
(3) = 2(D2D1020, 010), + 2(D1820, D2010),.
In the first term on the right, we use Lemma 2.7 of Chapter IX to write
D,Dy = D\ D, — R(d,0, 8,0).

In the second term on the right, we use Lemma 5.3 of Chapter VIII to
write D0y = D18,. Then we find

d3e = 2(D1D,o, 816), — 2(R(d10, 3,6)d;0, 816), + 2(D18,0)*
(4) = 2(D1D2020, 816), + 2Ry(816, 8,0) + 2(D1920)%.
Finally, we use the metric derivative again to compute:
(5) 01{D2020, d10), = (D1 D280, 10), + (D2020, D1d10),.

However, D1d10(s, 0) = D101a(s) = Dyo/(s) = 0, because o is assumed to
be a geodesic. Hence from (4) and (5) we find

(6) (s, 0) = 2y3(s) + 2Ry(15, B20)(s, 0) + 2(Drds0(s, 0))>.
This proves (2), and concludes the proof of the lemma.

We are now ready to prove Theorem 1.3. We shall compute the second
derivative of the length, which if anything is harder than that of the energy
because of the square root sign. The computation for the energy follows

exactly the same pattern. We begin with the first derivative, also called the
first variation,

d _ d 4 1/2
EL(a,) = EL e(s, )" dt

b
L1 N J %e(s, 0~ V20,e(s, 1) ds.
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Then we take the second derivative

L 1) =rle(s £ V252e(s, 1) ds — rle(s 072 (dye(s, 1)) ds
dtz t i 2 ) 2 Y B 4 ’ y

whence using the hypothesis that « is parametrized by arc length,

2
L 2. 'd—L(at)

b b
1, 1 2
=1 = ds— | = (0 0))° ds.
de? =0 Ja 2528(8, O) g J 4 ( 2€(s )) *

a

We plug in the value from Lemma 1.4 and use a projection. If w, u are
vectors and u is a unit vector, and v = w — (w - u)u is the orthogonalization
of w with respect to u, then we have trivially

Vv =w?— (w-u).
We apply this to w= D% and u=c'. Integrating as in L 2 yields the
asserted answer, and proves the formula for the second derivative of L(a)

at t=0. As already mentioned, the formula for the energy is easier and
will be left to the reader. This concludes the proof of Theorem 1.3.

Remark 3. For simplicity we limited ourselves to curves rather than
piecewise C2 maps. Milnor [Mi 63] gives a thorough discussion of paths
where end-point terms will appear where the path is broken. See for
instance his Theorem 12.2 and Theorem 13.1 of Chapter III.

Remark 4. Observe how R, comes naturally in the formula. At a
minimum one wants the second derivative to be semipositive, so having all
plus signs in the variation formula is desirable.

Corollary 1.5. Let n be a Jacobi lift of «, and ¢ a variation of o such
that 5(s) = d,0(s, 0). Assume that t — o(a, t) and t — o(b, t) are geode-
sics. Then

2
() = (Dun®), n®))y = (Den(a), nla)y

In particular, if Dy is perpendicular to o' then this equality also holds if
E is replaced by the length L.

Proof Immediate from Theorem 1.3 and the alternative expressions of
Proposition 1.1.

Concerning the orthogonality assumption which will recur, we recall
that if a Jacobi lift # of « is such that Dy# is orthogonal to a’ at some

XI, §1] INDEX FORM AND THE VARIATION FORMULA 301

point, then.l.),,:ry is orthogonal to a’ on the whole interval of definition.
See Proposition 2.4 of Chapter IX.

!’roposition 1.6. Assumptions being as in Theorem 1.3, suppose that D, ]
is orthogonal to o'. Then :

d
d—tL(a,) . = 0-

Proof. This is immediate from Lemma 1.4 (1) and I1.

The next application of Theorem 1.3 gives the semipositivity of the

inde)f on the subspace of Lifty(x) orthogonal to o, under a natural
condition.

Theorem .1.7. Suppose that o is a geodesic whose length is the distance
between its end points. Let { € Lifty(o)) be orthogonal to «'. Then

I, {) 20
Proof. 1 owe the proof to Wu. Define
o(s, 1) = expy, (£L(s))

with 0; s § b and 0 <t <e For each ¢, o, is a curve, not necessarily a
geodesic, joining the endpoints of «, that is

o:(a) = o(a) and  o(b) = a(b),

because of t.he assu.mption { e Liftg(a). Furthermore, o(s, 0) = a(s), so
{o:} = {4} is a variation of «, leaving the end points fixed. Note that

020(s, 0) = {(s).

Fipally, t_he. curves  + o(a, t) and ¢+ o(b, t) are geodesics, and D¢ Lo’
(differentiating ({, o’) = 0). Therefore, if we define the function

¢(t) = L(oy) = L(oy),
then by Theorem 1.3 we get
"(0) = I(¢L, 0).

Since by assumption L(ao) < L(x) (because L(x) is the distance between
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the end points), it follows that the function ¢ has a minimum at ¢t =0,
which proves the theorem.

Remark. The above theorem is a special case of tl}e Morse index
theorem, but will suffice for our applications. For full index theorems,
of. Milnor [Mi 63]; Kobayashi-Nomizu [KoN 69], Chapter YIII, §6;
Cheeger—Ebin [ChE 75], Chapter 4; do Carmo [doC 92]; and Klmg_enberg
[K1 83/95), Chapter 2, Sections 2.4 and 2_.5, yvherft he .deals w1t1} the
energy functional on the loop space as an infinite d1men§1(?nal man}fold,
rather than the length. However, in that chapter, the original manifolds
are finite dimensional. I hope to have convinced the reader further about
the irrelevance whether the manifold is finite dimensional or not.

Corollary 1.8. Let n be a Jacobi lift of «, and let & be any lift of o, with
the same end points as n, that is

n(0)=¢&0) and  n(b) =&(b)-
Suppose that n— & is orthogonal to o. Then

I(n, n) <1, &)-

Proof. Let { =& —#5. By Theorem 1.7 we have I1({, {) 20, so by the
bilinearity of the index,

(M I &) =2(n, &) +I(n, ) 2 0.
But .
11, €) = Dy 1, 12 = | D, 1) = (RCL, )t )
= (Dy, 1, &)|8  because 7 is a Jacobi lift (Proposition 1.1)
= {Dy, 1, ry)|: by assumption

=1I(n,n) because # is a Jacobi lift.

Hence inequality (1) becomes the inequality asserted in the corollary.

For some applications, one wants to compute the second derivz}tive of a
composite function f(L(x:)), where £ is a function of a real variable, for
instance when we determine the Laplacian in polar coordinates later. So
we give here the relevant formula, since it is essentially a corollary of the
above considerations.
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Proposition 1.9. Let f be a C? function of a real variable. As in
Theorem 1.3, let ¢ be a variation of v, and let n(s) = 020(s, 0). Assume
D, orthogonal to o'. Then

2
G )| = 7L [(Den(s) 1O, ~ (Denta), n(a).
Proof. Let F(t) = f(L(ey)). Then

F'0) = £'(Le) 3 L(w)

and
2
B0 = 170 ) + £ (Lw0) () Lo,

Then at £ =0 the first term on the right is 0 because of Proposition 1.6.
The second term at ¢ =0 is the asserted one by Corollary 1.5 and the
orthogonality assumption. This concludes the proof.

Example. Proposition 3.3 of Chapter IX provides an example of the
situation in Proposition 1.9. Both will be used in Chapter XV, §2.

Theorem 1.3, i.e. the second variation formula, also has some topo-
logical applications which we don’t prove in this book, but which we just
mention. If R, is negative, so the curvature is positive, then one has a
theorem of Synge [Sy 36]:

Let X be a compact even dimensional orientable Riemannian manifold
with strictly positive sectional curvature. Then X is simply connected.

The idea is that in each homotopy class one can find a geodesic of
minimal length. By the second derivative test, the expression for the
second derivative of the length is 0 for such a geodesic. One has to prove
that one can choose the variation such that the “orthogonal” term con-
taining the integral of v(s)2 is 0. The boundary term will vanish if one
works with a variation to which we can apply Remark 1. Finally, having
strictly positive curvature will yield a negative term, which gives a con-
tradiction. Details can be found in other texts on Riemannian geometry.

The same ideas and the theorem of Synge lead to a theorem of
Weinstein [We 67]:

Let X be a compact oriented Riemannian manifold of positive sectional
curvature. Let f be an isometry of X preserving the orientation if dim X
is even, and reversing orientation if dim X is odd. Then f has a fixed
point, i.e. a point x such that f(x) = x.
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Proofs of both the Synge and the Weinstein theorems are given in
[doC 92]. The Synge theorem is given in [BGM 71] and [GHL 87/93].

This as far as we go in the direction of the calculus of variations. These
are treated more completely in Morse theory, for instance in [Mi 63],
[Pa 63], [Sm 64], and in differential geometry texts such as [KoN 69],
[BGM 71}, [ChE 75], [doC 92], [GHL 87/93].

Klingenberg’s book [KI 83/95] also contains topological applications,
see especially Chapter 2, where Klingenberg uses the energy function
rather than the length function.

INTRODUCTION TO §2

In Chapter IX, §3 we showed that when the Riemann tenmsor Rj is
semipositive (seminegative curvature), then the exponential map is metric
semi-increasing. We now want to prove the converse. In part the
argument is similar, using the Jacobi lift which gives an explicit formula
for the differential of the exponential map. However, at a crucial point the
argument gets somewhat more involved because instead of a straight-
forward convexity computation as in Chapter IX, Lemma 2.5 and
Proposition 2.6, we now have to appeal to the second variation formula,
especially Corollary 1.8. The basic result we are after is an immediate
consequence of the Rauch comparison theorem, which is proved in
standard texts on Riemannian geometry. Essentially they all use the same
proof, which is a simplification by Ambrose of Rauch’s original argu-
ment. See for instance [KoN 69], Vol. II, Chapter VIII, Theorem 4.1;
[K1 83/95], Chapter II, Lemma 2.7.2 and Corollary 2.7.3; [doC 92],
Chapter X, §2. They all formulate the theorem in finite dimension,
unnecessarily. For our purposes, we need only a special case, describing
the effect of the exponential map on the metric under the curvature
conditions, positive or negative. A presentation of the proof can be given
more simply in this special case, as was shown to me by Wu, to whom I
owe the exposition in the next section. A proof of the full Rauch theorem
will be reproduced in §4.
For an alternative approach to Jacobi lift inequalities, cf. [Ka 89].

Xi, §2. GROWTH OF A JACOBI LIFT

Basic Assumptions. Throughout, we let (X,g) be a Riemannian
manifold. Let x € X and let ue Tx be a unit vector. Let a: [0, b) — X
be the geodesic segment defined by o(s) = exp,(su). Thus a is para-
metrized by arclength, and the segment {su}, 0 < s < b is assumed to be
in the domain of the exponential.
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We also let we Ty, w# 0 and we let =1, be the Jacobi lift of «
such that
n0)=0 and Dyy(0) = w.

As shown in Chapter IX, Theorem 3.1 and its proof, we have for
O0<r=<bh:

1) Texp,(niw = (7).
Furthermore, let
ofs, f) = exp,(s(u+tm)) and  o,(s) = o(s).

Then {6:} = {o;} will be called the standard variation of o = o in the
direction of w. We have

) n(s) = &20(s, 0).
Thirdly, by Chapter IX, Proposition 3.2 we have the global Gauss lemma
3) (Texp,(ru)u, Texp, (ri)w), = (u, w),.

For simplicity, we shall usually omit the subscript g.
If wis a scalar multiple of u, then

I Texp,(ruw]* = fIwi®

by the Gauss lemma. This is another way of seeing what is also in
Chapter VIII, Corollary 5.5, namely:

Proposition 2.1. The exponential map is metric preserving on rays from
the origin.

Whereas in Chapter IX we considered the norm, we now consider the
square of the norm of the Jacobi lift #, so we let

1) =n(s)* = ln(s)|>

We want to estimate the growth of |||, in other words, the growth of f.
We fix a value r with 0 <7 < b, and we let

2s) = mn(s) for 0<s<r.
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Since Dy&(0) =w # 0, it follows that for all r > 0 sufficiently small, we
have #(r) # 0. Cf. Proposition 2.6 of Chapter IX.

Lemma 2.2. Assume that w L u and that o is contained in a convex open

set. Given r as above, there exists a lift & of o such that on [0, r], £ # 0,
Eld, and

! 1 r ,
s Lo-geos 1+ [ REow e

Proof. We have directly from the definitions

%'(r) = (Dul(r), L)) = (Dut, )
=£(0)

r
0
because ( is a Jacobi lift of o, and we use Proposition 1.1.

For the second inequality, let Pj = Pg , be parallel translation along o,
with P =id. Let v be the vector such that

Po(v) = {(r).
Define the lift ¢ by
s

@) &) = P (5v).

Note that:

6)@#@%&hwxmwhméamnmmw.
Thus (Dy&)? = 1/r2. By Corollary 1.8, we obtain
¢ O sKE Q)
= L:[(Dmfcf)2 + Ry(o, &)]

1 .,
=;+JOR2(a ’é)a

thereby proving the lemma.

In determining D¢ we used the following general lemma, which really
belongs to Chapter VIII, §3, and which we state in a self-contained way.
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Lemma 2.3. Ler X be any manifold with a spray, and let «: [a, b] —» X
be a curve in X. Let B:[a, bl — Tyq) be a curve in Ty, let P be
parallel translation along o, and let &(f) = PL(B(t)). Then

D&(1) = Po(B'(1))-

Proof. We prove the relation in a chart, where we have the formula
Dyé =& — Ba; o, ).

Let y(t, v) be parallel translation of v e T,(;. Then

&'(1) = dia(t, B(1)) + 029(1, B(1))B'(0)
= aiy(t, () + (1, B'(D)),
because v+ y,(v) is linear, and the derivative of a linear map is equal
to the linear map. The lemma follows from the local definition of the

covariant derivative, and the definition of paralle] translation (Theorem 3.3
of Chapter VIIH).

Lemma 24. Let h(s) = s*w?. Then
lin& f(s)/h(s) = 1.

Proof. This is immediate from the first term of the Taylor expansion
given in Chapter IX, Proposition 5.1.

Theorem 2.5. Under the basic assumptions, assume that w Lu. Let U,
be an open convex neighborhood of x, and V, an open neighborhood
of 0. such that exp,: V, — Uy is an isomorphism. We suppose o is
contained in U. If the curvature is = 0 (resp. > 0) on U, then

I, S rliwll - (resp. <rlwll)  for 0<r<b.

Proof. By lemma 2.2, for ¢ >0 we find

r r
J f'If s J k' /h + the Riemann tensor integral.

€

Since by hypothesis, the Riemann tensor integrand is < 0, we obtain

log f(r)/h(r) < log f(€)/h(e),
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and therefore

Msf_(ﬂ—d as ¢— 0 byLemma 24.
h(r) = h(e)

Then f(r) < h(r), which proves the theorem with the weak ine'quality
sign. For the strict inequality case, one takes into account the Rlem_apn
tensor integral, and the fact that the integrand is < 0, so all inequalities
are strict. This concludes the proof.

Theorem 2.6. Let (X, g) be a Riemannian manifold. Let x € X and let
expy: Vx — Uy be an isomorphism of a neighborhood of 0Ox with an open
convex neighborhood of x. Suppose g has curvature 20 on Uyx. Then
exp, is metric semidecreasing from V to Uy. If the curvature is >0 on
Uy, then for ve Vy, v# 0 and w e Ty, w unequal to a scalar multiple of
v, we have

| Texp, (v)wll < [Iwll-

Thus exp, is metric strictly decreasing on Vy, except in the direction of
rays from the origin.

Proof. We let u be the unit vector in the direction of v, v=bu. If w is
orthogonal to u, then the inequality of Theorem 2.5 together with (1)
shows that

|17 exp,(rupwi|® < IIwil”.

For arbitrary w, we write w= wp+w; with wo = cu (some ceR), and
wi Lu. Then by the Gauss lemma, 7Texp,(ru)wo L Texp,(ru)wi, so

||Te1'(px(ru)w||2 = ||Te1'(px(ru)wo||2 + ||Texpx(ru)w1||2,

which proves the theorem, in light of Proposition 2.1 and the inequality in
Theorem 2.5. . .

For estimates concerning Jacobi lifts and geodesic constructions, see
Buser and Karcher [BuK 81], especially 6.3 and 6.5.
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Xl, §3. THE SEMI PARALLELOGRAM LAW AND
NEGATIVE CURVATURE

The usual parallelogram law will be semified in two ways: first, we stop
at midpoint of one of the diagonals; and second, we write an inequality
instead of the equality. We can then formulate things as follows.

Let X be a metric space. We say that the semi parallelogram law holds
in X if for any two points x;, x; € X there is a point z which satisfies for
all xeX:

d(x1, x2)? +4d(x, 2)* < 2d(x, x1)% + 2d(x, x2)°.

It follows that
d(z, x1) =d(z, x3) = %d(xl, x3).

This is obtained by setting x = x; and x = x, in the semi parallelogram
law to get the inequalities 2d(xy, z) < d(x1, x2) and 2d(xz, z) £ d(x1, x3).
The opposite inequalities follow from the triangle inequality

d(x1, x2) S d(x, z) +d(z, x2).

Note that the point z is uniquely determined by x;, x, because if z’ is
another such point, we put x = z’ in the law to see that z = z’. Thus we
call z the midpoint between x; and x;.

A Bruhat-Tits space is defined to be a complete metric space which
satisfies the semi parallelogram law.

Theorem 3.1 (Serre). Let X be a Bruhat—Tits space. Let S be a bounded
subset of X. Then there exists a unique closed ball B,(x1) in X of
minimal radius containing S.

Proof. We first prove uniqueness. Suppose there are two balls B,(x;)
and B,(x,) of minimal radius containing S, but x; # x;. Let x be any
point of S, so d(x,x;) <r and d(x,x;) <r. Let z be the midpoint
between x; and x;. By the semi parallelogram law, we have

d(x1, x2)? < 4r? — 4d(x, 2)*.

By definition, for each e¢>0 there is a point xeS such that
d(x,z) 2r—e It follows that d(x;, x;) =0, that is x; = x,.

As to existence, let {x,} be a sequence of points which are centers of
balls of radius r, approaching the inf of all such radii such that B, (x,)
contains S. Let r be this inf. If the sequence {x,} is a Cauchy sequence,
then it converges to some point which is the center of a closed ball of the
minimal radius containing S, and we are done. We show this must always
happen. Let z,,, be the midpoint between x, and x,,. By the minimality
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of r, given e there exists a point x € s such that
d(x, z,,,,,)2 21—
We apply the semi parallelogram law with z = z,,. Then

d(xm, xn)2 < 2d(x, x,,,)2 + 2d(x, xn)2 —4d(x, z,,,,,)2

< e(m, n) + 4e,

where ¢(m, n) — 0, thus proving that {x,} is Cauchy, and concluding the
proof of the theorem.

The center of the ball in Theorem 3.1 is called the circumcenter of the
set S.

Theorem 3.2 (Bruhat-Tits). Let X be a Bruhat-Tits metric space. Let G
be a group of isometries of X, with the action of G denoted by
(g, x) — g-x. Suppose G has a bounded orbit (this occurs if, for
instance, G is compact). Then G has a fixed point, for instance the
circumcenter of the orbit.

Proof Let pe X and let G- p be the orbit. Let B,(x;) be the unique
closed ball of minimal radius containing this orbit. For any g e G, the
image g - B,(x1) = B,(x2) is a closed ball of the same radius containing the
orbit, and x; = g - x1, so by the uniqueness of Theorem 3.1, it follows that
x1 is a fixed point, thus concluding the proof.

Corollary 3.3. Let G be a topological group, H a closed subgroup. Let
K be a subgroup of G, so that K acts by translation on the coset space
G/H. Suppose G/H has a metric (distance function) such that trans-
lation by elements of K are isometries, G/H is a Bruhat-Tits space, and
one orbit is bounded. Then a conjugate of K is contained in H.

Proof. By Corollary 3.2, the action of K has a fixed point, i.e. there
exists a coset xH such that kxH = xH for all k€ K. Then x"'KxH < H,
whence x~'Kx c H, as was to be shown.

We shall now discuss one of the roles of the above theorems in dif-
ferential geometry. Unless otherwise specified, manifolds can be infinite
dimensional, and Riemannian manifolds may therefore be Hilbertian.

One question arises: which kinds of spaces have metrics as discussed
above? First we give a sufficient global condition, perhaps the most useful
in practice, the exponential metric increasing property.
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EMI. The space X is a complete Riemannian manifold, and for every
z € X, the exponential map

exp,: TI; = X

is a differential isomorphism, is metric preserving along rays from
the origin, and in general is metric semi-increasing.

A complete Riemannian manifold, simply connected, with R, =0
(seminegative curvature) is called a Hadamard, or Cartan—-Hadamard
manifold.

Proposition 3.4. A complete Riemannian manifold satisfying EMI is
a Bruhat-Tits space. A Cartan—Hadamard manifold is a Bruhat—Tits
space.

Proof. On a Hilbert space, we have equality in the parallelogram law.
Using the hypothesis in EMI with z as the midpoint, we see that the left
side in the parallelogram law remains the same under the exponential map,
the right side only increases, and hence the semi parallelogram law falls
out.

Next we give equivalent local conditions. Let X be a Riemannian
manifold. We say that the semi parallelogram law holds locally on X if
every point x has an open convex neighborhood U, with an isomorphism
exp,: Vx — Uy of a neighborhood of 0, in Ty, such that the semi par-
allelogram law holds in U,.

Theorem 3.5. Let X be a Riemannian manifold. The following three
conditions are equivalent:

(a) The curvature is seminegative.
(b) The exponential map is locally metric semi-increasing at every point.
() The semi parallelogram law holds locally on X.

Proof. This is merely putting together results which have been proved
individually. Theorem 3.6 of Chapter IX shows that (a) implies (b). That
(b) implies (c) is a local version of Proposition 3.4. Indeed, the paral-
lelogram law holds in the tangent space 7, and if the exponential map at
z is metric semi-increasing, then the semi parallelogram law holds locally
by applying the exponential map. Specifically, given x;, x; in some convex
open set, we let z be the midpoint on the geodesic joining x; and x;, so
that there is some v; € T, such that, putting v; = —uvy,

x1 = exp,(v1), X3 = exp,(12), z = exp,(0;)-
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Given x = exp,(v) with ve T, the parallelogram law in 7, reads
d(vy, v2)? + 4d(v, 0)% = 2d(v, v1)” + 2d(v, v2)%,

where d(v, w) = [v—w| for v, we T,. Under the exponential map, the
distances on the left side are preserved, and the distances on the right side
are expanded if condition (b) is satisfied, so under the exponential map, we
get

d(x1, x1)° + 4d(x, )7 < 2d(x, x1) + 2d(x, x2)?,

which is the semi parallelogram law. Finally, to show that (c) implies
(a), we merely follow the same argument with the reverse inequality. So
assume (c). Suppose the curvature is positive at some point, and hence is
positive on a convex open neighborhood of the point, which we denote by
z. We pick a vector ve T, and let v; = —v, v, =v. Welet wlo, w#0.
Then

d(vy, vz)2 +4d(v+w, 0)2 =2d(v+w, v1)2 +2d(v+w, vz)z,

because this relation is one with the norm in the Hilbert space 7,. Now
we apply the exponential map, that is, we let

x1 = exp,(v1), x; = exp,(v2), x = exp,(v + w), z = exp,(0,).

The distances on the left side of the equation are preserved under the
exponential map (taking the norms of v, w sufficiently small). By Theorem
2.6, the distances on the right are strictly decreased, contradicting the semi
parallelogram law (actually giving an anti semi parallelogram inequality).
This concludes the proof.

The equivalence of the semi parallelogram law and seminegative
curvature is due to Bruhat-Tits [BrT 72].

In the next chapter we shall give the most important classical example
of a Cartan-Hadamard manifold. We note that of the three equivalent
conditions in Theorem 3.5, the most subtle is the curvature condition,
and the simplest is the semi parallelogram law, which can be formulated
independently of the theory of manifolds. In the example, we show that
the conditions are satisfied by actually proving the metric increasing
property of the exponential map, which is an intermediate condition
establishing a link between the other two. It may be useful to formulate
here a weak variation of Chapter VIII, Theorem 6.9, because it sum-
marizes in an easy way some consequences of the metric increasing
property which we shall prove in a concrete case in the next section.
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Theorem 3.6. Let E be a Hilbert space and X a Riemannian manifold.
Let h:E — X be a differential isomorphism which is metric semi-
increasing, that is

|Th(v)wlse) = Wl forall wek,

and also such that h is metric preserving on rays from the origin. Then X
is complete. Let veE, v#£0. Then

t— h(tv)

is a geodesic passing through h(0) and h(v), and is the unique such
geodesic. If the group of isometries of X operates transitively, then there
is a unique geodesic through two distinct points of X.

Proof. The map h™': X - E is distance semi-decreasing. If {x,} is
Cauchy in X then {#!(x,)} is Cauchy in E, converging to some point v,
and by continuity of A, it follows that {x,} converges to A(v), so X is
complete. If o is a geodesic in X between two points x and y, then A1 o a
is a curve in E between A~'(x) and A!(y). In E, the geodesics with
respect to the Hilbert space norm are just the lines, which minimize
distance. From the property that A preserves distances on rays from the
origin, it follows at once that if x = h(v) and & is the line segment from 0
(in E) to v, then Ao ¢ minimizes the distance between A(0) and A(v), and
so ho{ is the unique geodesic between h(0) and h(v). If the group of
isometries of X operates transitively, then the last statement is clear, thus
concluding the proof.

Historical note. The presentation of the above material essentially
follows a path which is the reverse of the historical path. It took almost a
century before certain ideas were given their full generality and simplicity.

Historically, things start at the end of the nineteenth century. Klin-
genberg [K1 83/95] asserts that von Mangoldt essentially proved what is
called today the Cartan-Hadamard theorem for surfaces [vM 1881], 15
years before Hadamard did so [Ha 1896]. Actually, von Mangoldt refers
to previous papers by others before him, Hadamard refers to von
Mangoldt, and Cartan [Ca 28] refers to Hadamard (Cartan dealt with
arbitrary Riemannian manifolds). 1 am unable to read the original
articles.

Helgason [He 62] gave a proof of Cartan’s fixed point theorem fol-
lowing Cartan’s ideas, see the revised version [He 78], Chapter I, Theorem
13.5, namely: On a Riemannian manifold of seminegative curvature, a
compact group of isometries has a fixed point. Cartan’s immediate
application was to show that all maximal compact subgroups of a
semisimple Lie group are conjugate. Mostow [Mo 53] gave a similar
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exposition, but in a more limited context. See also Kobayashi-Nomizu
[KoN 69], Vol. II, Chapter VIII, Theorems 9.1 and 9.2. They use a center
of mass rather than the circumcenter.

Then Bruhat-Tits [BfT 72] formulated their fixed point theorem,
here stated as Theorem 1.2, setting up the parallelogram law condition
prominently. Serre used a variation of their proof and the formulation of
Theorem 3.1 to reach the currently ultimate result with the very simple
proof we have given. I don’t know that Serre published this, but it is
referred to exactly as we have stated it in Brown [Bro 89}, Chapter VI,
Theorem 2 of §5. Thus a line of thoughts which started a century before,
abuts to a basic elementary theorem about metric spaces. The condition
of compactness is replaced by the condition of boundedness, and the more
complicated notion of curvature is replaced by the semi parallelogram law.

In addition, the center of mass which occurred in Cartan’s treatment
(and others following him), is replaced by the circumcenter, following
Bruhat-Tits.

In [K1 83/95], Theorem 1.10.17 (also 1.10.18), Klingenberg formulated
a version of Cartan’s theorem under convexity hypotheses, in the context
of manifolds rather than merely metric spaces. He attributed the idea of
his proof to Eberlein. What Klingenberg proves is actually Theorem 3.1
for compact sets in a differential geometric context, although one has
to analyze the proof to see this in 1.10.17. We note that Theorem 3.1 for
compact sets occurs in [BGS 85], Lemma 1, p. 10.

Bruhat-Tits actually characterized Cartan—-Hadamard spaces by the
semi parallelogram law [BrT 72). From that point on, a theory of
curvature for metric spaces rather than manifolds developed separately,
with an extensive exposition in Ballman [Ba 95], containing Theorem 3.1.
Ballman refers to Brown for Theorem 3.1, cf. [Ba 95], Theorem 5.1 and
Proposition 5.10 of Chapter I.

Note that in the metric theory which has been developed in parallel, the
geodesic between two points has been obtained as the curve arising by
taking successive midpoints ad infinitum. Helgason has pointed out to me
that this limiting procedure was already used by Cartan [Ca 46], pp. 360—
363!

There remains to say a few more words here about the infinite
dimensional case. The importance of infinite dimensional manifolds was
recognized in the sixties, e.g. for function spaces, for Morse theory, and
for the Nash—Moser theorem on Riemannian metrics. We note that
Klingenberg [K1 83/95] has a nice chapter on the H!-loop space.
However, differential properties of curvature are not fully carried out
in these works. For example, Klingenberg does not do the Cartan—
Hadamard theorem in the infinite dimensional case, and he also defines
symmetric spaces only in the finite dimensional case.

I like Marsden’s book [Ma 74], especially §7 and §9, where he already
suggests infinite dimensional contexts for various notions of differential
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geometry, although his alternation between finite dimensional manifolds
and infinite dimensional manifolds does not present a clear account of
theorems and proofs valid in the infinite dimensional case, as it applies to
Hamiltonian mechanics, quantum mechanics, and relativity, including the
infinite dimensional space of Riemannian metrics, and its differential
geometry.

Garland’s study of loop groups [Ga 80] is another candidate to be
placed in the setting of infinite dimensional Bruhat-Tits spaces. A similar
possibility exists for the article by Atiyah and Pressley [AtP 83].

Other possibilities are spaces having to do with the KdV equation, e.g.
[ScTZ 96], and “moduli” spaces in a broad sense, e.g. Teichmuller spaces,
spaces of Riemannian metrics as in Ebin [Eb 70] and Fried—Groisser
[FrG 89, spaces of Kahler metrics, spaces of connections, ad lib. Anders
Karlsson has told me that the metric in [Eb 70] has seminegative
curvature. Karlsson has also pointed out that once it is proved that some
Teichmuller space has seminegative curvature and some completeness
properties, then the Bruhat-Tits fixed point theorem can be applied
routinely to establish the so-called Nielsen Realization problem for the
corresponding mapping class group. In the Riemann surface case, this is
due to Kerckhoff [Ker 83], see also Wolpert’s paper [Wo 87].

Once one becomes aware of the possibility of applying the Cartan—
Hadamard theory in infinite dimensions, one realizes that examples
abound. A systematic account of the general theory of symmetric spaces

and their applications in the infinite dimensional case remains to be
worked out.

Xl, §4. TOTALLY GEODESIC SUBMANIFOLDS

The main concrete point of this section is to consider certain submanifolds
of Cartan-Hadamard manifolds which are themselves Cartan-Hadamard.

Let X be a Riemannian manifold and let ¥ be a closed submanifold.
We define Y to be totally geodesic if every geodesic in X with initial
conditions in (Y, TY) is contained in ¥. There is an alternative condition
which we discuss.

Theorem 4.1. Let X be a Cartan—Hadamard manifold. Let Y be a
totally geodesic submanifold. Then:

(1) Y is a Cartan—Hadamard manifold.
(i) Given two distinct points of Y, the unique geodesic in X passing
through these points actually lies in Y.

_ Proof. Note that from the definition of a totally geodesic submanifold,
it follows that the exponential map on X, restricted to T'Y, is equal to the
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exponential map on Y, or in a formula, for ye Y,

€Xp,,y = €Xp, x restricted to 7, Y.

By hypothesis and the definitions, it follows that exp, y is metric semi-
increasing, so Y has seminegative curvature by Theorem 3.5. By hy-
pothesis, Y is geodesically complete, and hence complete by Corollary 3.9
of Chapter IX. By Theorem 3.8 of Chapter IX, given ye Y, the

exponential
exp,: ,Y - Y

is a covering, and since it is injective because exp,: T,X — X is injective,
it follows that exp,: 7,Y — Y is an isomorphism, so Y is simply con-
nected. Thus we have shown that Y is Cartan—-Hadamard. Then (i) is
trivial from (i), because the unique geodesic in Y passing through two
distinct points is the same as the unique geodesic in X passing through
these points. This concludes the proof.

We complement the situation by a general statement, converse of (ii) in
the theorem. It is included for completeness, but will not be used.

Proposition 4.2. Let X be a complete Riemannian manifold, such that
given two distinct points of X, there is a unique geodesic passing through
these two points. Let Y be a closed submanifold. Suppose that locally,
given two distinct points in Y, the unique geodesic segment in X joining
these points actually lies in Y. Then Y is totally geodesic.

Proof. 1 owe the following simple argument to Wu. One has mostly to
prove that a Y-geodesic is an X-geodesic. Let a: [0, ¢) —» X be a geodesic
in X having initial conditions in Y, that is

a(0)=yeY and a'(0)eT,Y.

Suppose a does not lie in Y. Then there is a largest number b such that
([0, b]) < Y but a(b+ ¢) ¢ Y for all small e > 0. Note that b could be 0.
Since «([0, b]) < Y, it follows that o'(b) € Top)Y. This is true even if
b =0, by assumption. Let

B:lb,b+e —Y

be the geodesic in Y such that g'(b) = a'(b), with sufficiently small €, so
that B(b + ¢) lies in a convex X-ball centered at a(b), and also in a convex
Y-ball centered at this same point a(b). Let

y:[b,b+el = X
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be the geodesic segment in X joining f(b) and B(b + €). By hypothesis, we
have y.([b, b+e€) < Y. But a geodesic of X lying in Y is necessarily a
gegdesnc of Y, say by the minimizing characterization of geodesics. By
uniqueness, we have y=f on [b, b +¢]. But then

Y'(b) = B'(b) = o' (b),

and so y is 1n fact the continuation of the restriction of « to [0, 5. Hence
([b, b+ €]) is contained in Y, contradiction concluding the proof.

In Chapter X, §2 we proved an extension of the Cartan—-Hadamard
theorem, to the normal bundle. We shall now show how part of the proof
can be replaced by another argument. Specifically, we prove:

Lemma 4.3. Let X be a Cartan—Hadamard manifold. Let Y be a totally
geodesic submanifold. Then the map

is a bijection.

Proof. The argument will follow the same pattern that is used routinely
to show that given a point not in a closed subspace of a Hilbert space,
there is a line through the point perpendicular to the subspace. We first
prove that given x € X but x ¢ ¥, there exists a point y, € Y such that

d(x, yo) = d(x, Y) Z}}Ielg d(x, ).

Let {y,} be a sequence in Y such that d(x, y,) approaches r = d(x, y) as
n goes to infinity. We can apply the semi parallelogram law in X exactly
as in the proof of Theorem 3.1. The midpoint in X is on the geodesic
between the two points, and lies in Y because of the assumption that Y is
Fotally geodesic. Then the semi parallelogram law shows at once that {y,}
is Cauchy, and therefore converges to the desired point y,. The unique
geodesic through x and yj is perpendicular to Y at y, by Corollary 4.7 of
Ch_apter IX. Furthermore, this geodesic cannot intersect Y in another
point y,;, otherwise the existence of this geodesic and the geodesic in ¥
between y, and y; would contradict Corollary 3.11 of Chapter IX. Thus
we conclude that the map E: NY — X is bijective.

The above lemma provides a variation for part of the proof of Chapter
X, Theorem 2.5, avoiding further appeal to the Ambrose Theorem 6.9 of
Chapter VIII. However, an important additional step is still required to
prove the local C!-isomorphism property, unavoidably using some esti-
mates for Jacobi lifts as in proposition 2.6 of Chapter IX. Of course, one
may use at this point Theorem 2.4 and Lemma 2.6 of Chapter X.
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Xl, §5. RAUCH COMPARISON THEOREM

Because it does not take very long, we shall give the proof of Rauch’s
comparison theorem. I follow the exposition given in [KoN 69], Vol. II,
Chapter VIII, Theorem 4.1; or Cheeger—Ebin [ChE 75], Chapter I, §10.
As already mentioned, it is derived from Ambrose. We first make some

preliminary remarks.
Let (X, gx) and (Y, gy) be Riemannian manifolds. Let

ay: [a, b)) = X and oay:[a, b)) - Y

be geodesics, defined on the same interval, and parametrized by arc
length. We have the Riemann tensors Ry x and Rpy on X and Y,
respectively, and thus we have their values

Ryx(ax(s)) and  Ryy(ar(s)) forall sela, b

We define R, y < Ry y along (ax, ay) if for each s and every pairs of
orthogonal vectors v, w € T,y X and v’, w' € Ty (5 Y such that v, v’ have
the same length and w, w' have the same length, we have

Ry x(v, w) £ Ry ¥y (v', w').
If K denotes the curvature, this means that
Kx(P) 2 Ky(Q)

for every plane P contained in T,,(;)X and every plane Q contained in
Toy(s)Y. The Rauch comparison theorem will compare Jacobi lifts of the
two geodesics in terms of the Riemann tensor (curvature, with an opposite
sign).

Theorem 5.1 (Rauch Comparison Theorem). Let (X, gx) and (Y, gy) be
Riemannian manifolds of the same dimension, which may be infinite. Let
ay (resp. ay) be geodesics in X (resp. Y), parametrized by arc length,
and defined on the same interval |a, b]. Let ny (resp. ny) be Jacobi lifts
or these geodesics, orthogonal to o} (resp. ay).

Assume:

(@) 7x(a) =ry(@) =0, and nx(r), ny(r) #0 for 0<r=b.
(i) |Duyx (@l = 1D ny(a)ll-
(iii) The length of ay is the distance between its end points.
(iv) We have Ry x < Ry y along (ax, ay)-

Then
lnx N < lny(*  forall  sela, B).
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. Proof. We shall use the definition of the index and Proposition 1.1, that
is, for a Jacobi lift # of « such that 5(a) =0 we have

s
(1) L, m) = J (Dam)? + Ro(o', 1) = (Dorm, 1)(s).
We may index # by X and Y as well. We define
f) =In@I* =n(s)?  also written 72(s),
and again we may index f and 7 by X, and also by Y. Define
h(s) = I:(n, n)/n*(s) for O0<s<b.
Thus we have hy and hy. Note that by (1),

f's)=2L;(m,n) and  f'/f=2h

For a<c<b, we get

5
log #*(s) = log n*(c) + ZJ h,

whence
log 1 (5)/n3(s)) = log(n3(c)/m(c)) +2 j (= hy).

By as§ur_nptions (i) and (ii), and the first term of the Taylor expansion of a
Jacobi lift (Chapter IX, Proposition 5.1), we get

lim log 7%(c)/n%(c) = 0.

Hence
5
108 1 (s)/}() =1l 2 by ~ ).
c

It. will therefore suffice to prove that hx(s) S hy(s) fora<s<b. Fix r
with a <r < b. It will suffice to prove hx(r) < hy(r). Define

1
“O= e

so we may index { by X (resp. Y) to get {y and {y. Let W(s) = o/(s)* be
the orthogonal complement of o/(s), so we have Wx(s) and Wy(s) in the
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tangent spaces at ox(s) and ay(s), respectively. Let

L,.: Wy(r) g Wx(r)
be a linear metric isomorphism such that

L, (Ly(r) = Lx ().
Such a metric isomorphism exists since X, ¥ are assumed to have the same
(possibly infinite) dimension. Let Py (resp. Py) be parallel translation
along ay (resp. ay). For each s we obtain a metric linear isomorphism

Ly: Wy(s) — Wx(s) defined by Li=P]yoL,0 Py y.

Define
&(s) = Ly(Ly(s)) = Piy o Lyo Py y(Cy(s))-

Then {x and & have the same end points at s = a and s = r. Furthermore
(2) )P =Ly(s)?  and  (Dyé)’ = (Duly)™.

The first equality follows from the fact that parallel translation is a metric
linear isomorphism. The second follows at once from Lemma 2.3, by
using the curve

B(s) = P; y 0 &(s) in TomX.
Now we find:
I'(Cxy Lx) SI7(E, &) by Corollary 1.8 and assumption (iii)
- Jr(p,,,kf)z + Ry x(ay, &) by definition (1)
= Jr(Da'YCy)Z + Ry y(ay, {y) by (2) and by assumption (iv)
3) =I'({y, {y) by definition.
From the definition of ¢, inequality (3) can be rewritten

I;(ny, ']X)/'lﬁf(") < IL;(ny, ']Y)/']%’(r)

which means by definition that hx(r) < hy(r), and concludes the proof.
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Remark. Instead of inequality (3), one has the precise relation

4) L(lx, tx) =1y, Ly) + H;

where

H = J (R, x(ey, {) — Ry v (g, Ly)).-

a

The mtc?gran.d on the right gives the precise contribution coming from
assum_ptwn (1y), :and shows that if there is a strict inequality in (iv), then
there is a strict inequality in the conclusion hx(r) < hy(r).



CHAPTER Xl

An Example of
Seminegative Curvature

The present chapter gives a prototype for a .Cartan—Hadamard marlufotltcllé
so complete, with seminegative curvature, s1mply connect.ed, n;me y o
space of symmetric positive definite .real’ matrices of 2 given 1me;1s1 al;
The example is obtained by “bendm.g’ a flat euclidean spa;:;b y a
exponential map. The chapter is essentially elf:mentary', and could be re
after the reader is acquainted with Riemannian metrics.

X, §1. Pos,(R) AS A RIEMANNIAN MANIFOLD

Let:

Mat,(R) = space of n x n real matrices; . '
Pos,,'z(R))= space of symmetric positive definite n x n matrices v (we
write v > 0); _ o
Sym, (R) = vector space of symmetric n x n real matrices;

GL,(R) = G = group of invertible real n x n matrices.

We usually omit R for simplicity, and write simply. ?os,, and. Symt,ﬁl .W.e
recall that a matrix p is called positive (or positive definite) if it is
symmetric and

(pt, & >0 forall LeR", &#0.
We have the exponential map

exp: Mat, — GL,
277
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which we shall actually consider on the symmetric matrices

exp: Sym,, — Pos,,

given by the usual power series

exp(v) = i -':1—':

n=

The image lies in Pos, because if v is symmetric then p = ¢ where
q =exp(v/2) and g is symmetric commuting with D, so positive. From
linear algebra, the exponential map is differential (i.e. C*) isomorphism,
namely it has a C® inverse, which can be called the logarithm. To see
this, let p be a positive matrix. We can diagonalize D, that is there exists a
basis &;,...,&, of R" and numbers Aly--.y4n >0 such that

pf,-=l,{,~ for i=1,...,n.
Then one defines log p=v to be the linear map represented by the

diagonal matrix
log M

log 4,

with respect to the basis &y, ..., &,. Similarly, one can define a square root
of p to be the linear map represented by the matrix

A

Az

with respect to the basis &),...,&,. The appendix shows how to define the
similar notions on Hilbert space, in a more invariant fashion.

The restriction of exp to lines through 0 is a group isomorphism from
each line to its image, and is called a one-parameter subgroup.

On Sym, we have a natural positive definite scalar product, defined by

(v’ W)tr i (v’ w) = tr(vw)s

where tr is the trace of a matrix. The tangent space at a point p € Pos, is
a translation of Sym,. Without using more sophisticated language, we
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may identify it with Sym, (as we identify R" with the tangent space at any
point). We then define a positive definite scalar product depending on a
point p € Pos, by letting

1 2 2 1,32
(v, w), =tr(p~'op~'w)  sothat o], =], = tr((p~'v)?).
The positive definiteness comes from the fact that

tr(p~op~1v) = tr(pVup~ 2 pV2op~11%) = tr(w?)
with w=p Y2pp /2,

and tr(w?) > 0 if v # 0. If £+ p(¢) is a curve in Pos,, then the differential
of the length is given by

(ds/dt)> = tr(p(t)"'p'(f))>  abbreviated ds* = tr(p”' dp)”.

We call the above metric the trace metric. It defines Pos, as a Riemannian
manifold X. It is equal to a constant times the Killing metric, which the
reader will find in other books.

The group G = GL,(R) acts on Pos,. For each g € G we let [g] be the
map of Pos, into itself defined by

p— gp'g=dlp, for p ePos,.

Indeed, [g]p is positive, because of all £ eR", £ # 0 we have

([91PE, &) = (gp'g¢, &) = (p'g¢,'g&) > 0.

Since, as we have remarked earlier, every positive definite matrix is the
square of a positive matrix, it follows that G acts transitively on Pos,.
In particular, if p = g with g € Pos, then p = [gle, where e is the unit
matrix. The appendix shows that all these statements remain valid in
Hilbert space, except that the definition of the scalar product (v, w), by
means of the trace is a finite dimensional phenomenon, so this is one point
where it remains to be seen whether the theory has an extension to the
infinite dimensional case. We shall list the properties we are using
carefully, to make proof analyses easier.

Theorem 1.1. The association g— |g) is a representation of G in the
group of isometries of Posy, that is each [g] is an isometry.

Proof. First we note that [g] can also be viewed as a map on the whole
vector space Sym,, and this map is linear as a function of such matrices.
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Hence its derivative is given by

[9'(p)w=gw'g  forall weSym,.

hNaow we verify that [g] preserves the scalar product, or the norm. We
Ve :

llg)' (P)Wl}y, = tr((lglp) " gw'e)?)
= tr((gp'9) 'gw'g)?)
=tr("g7 p g gw'g'g " p g gw'y)
= (‘g plwp'w'g)
= tr((p‘lw)z)

2
- lwlp
which proves the theorem.

Let K = Uni,(R) = O(n) be the group of real unitary matrices. Then K

is a compact subgroup of G, and a standard elementary fact of linear
algebra asserts that the map

Pos, xK—~G  givenby (p,k)+ pk

?s a diﬂe_rential (even real analytic) isomorphism. However, we use an
1isomorphism of G-homogeneous spaces ¢: G/K — Pos, given by

9: 9K — g'g = [gle.

The elements k € K are precisely the elements k € G such that 'k = k~!.

Left translation by an element g € G acting on G/K corresponders to [g]
under ¢.

Theorem 1.2. The map exp: Sym, — Pos, is metric semi-increasing. On
rays from the origin, it is metric preserving. It is equal to the exponential
map associated to the metric, i.e. the curves tv— exp(tw) with w e Sym,

are geodesics. Thus Pos, satisfies condition EMI, and is a Cartan-'I
Hadamard and Bruhat-Tits space.

The main part of the proof will be given in the next section. Here we
sl}all make some remarks, taking care of the easier aspects of the theorem
First note that the two stated metric properties imply that our naivc;
exponential series is actually the exponential map associated to the metric
by applying Theorem 3.6 of Chapter X. ’
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Next, since the action [g] of g€ G preserves the metric, and hence
preserves distances, and since every element of Pos, can be written as [gle,
to prove condition EMI, it suffices to do it at the origin, namely at e.

Next, we give a simple self-contained proof that our naive exponential
map preserves the metric along rays from the origin.

Theorem 1.3. The exponential map exp: Sym, — Pos, is metric pre-
serving on a line through the origin.

Proof. Such a line has the form ¢ — v with some v € Sym,,, v # 0. We
need to prove

2
012 = lexp’ (t0)0]2p -

Note that
-dtit exp(tv) = exp’(tv)v
d "
B dt Z n!
tn—l
n—1t"
= exp(tv)v.
Hence

lexp’ (10)vl2, o, = tr(((exp 1) (exp 10)0)?)
= tr(v?)

2
= |U|tr7
which proves the theorem.

As an applieation, we can determine explicitly the distance between two
points in Pos,, as follows.

Theorem 1.4. Let p, g € Pos,. Let ay,...,ay be the roots of det(tp — q).
Then

dist(p, q) = Z (log a;)?

Proof. Suppose first p=e and g is the diagonal matrix of ay,...,an.
Let v=1log g, so v is diagonal with components log a1, .,log a,. The
theorem is then a consequence of Theorem 1.3, since v? has components
(log a;)2. We reduce the general case to the above special case. First we
claim that there exists g € G such that [g]p = e and [g]g = d is diagonal.
Indeed, we first translate p to e, so without loss of generality we may
assume p = e. There exists an orthonormal basis of R" diagonalizing g, so
there exists a diagonal matrix d and k € K such that g=k d’k =k dic!.
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But e = kk™!, so takmg [klg proves our claim. Finally, from the equatlons
gr'lg=e and 99'9=d we get p=gVg! and g=g"'d'g"!,

det(tp — q) = det(tg™ Vg™ — g 'd’g™")
= det(g) *det(te - d).

Since dist(p, g) = dist(e, d), the theorem follows.

The next section contains the main part of the proof for the metric
increasing property of the exponential map, and §3 contains further results
about totally geodesic submanifolds of Pos. Except for a slight axio-
matization, I follow Mostow’s very elegant exposition of Cartan’s work
[Mo 53], in both sections.

Xll, §2. THE METRIC INCREASING PROPERTY OF
THE EXPONENTIAL MAP

We shall need only a few very specific properties of the exponential map,
and the trace scalar product, so we axiomatize them to make the logic
clearer.

We let <o/ be a finite dimensional algebra over R, with an anti-involution,
that is a linear automorphism v 'v of order 2 such that '(vw) = 'w'v
Jor all v, we of. We let Sym be the subspace of s/ consisting of the
symmetric elements, i.e. v such that v='v. We suppose given a trace,
that is a functional

tr: e/ - R

such that tr(vw) = tr(wv) for all v, we o, and we asume that tr(w?) > 0
Jor all weSym, w+0. Thus the functional gives rise to the tr-scalar
product

(v, w)tr = tr(vw), Ivltzr = tr(vz)7

which is positive definite on Sym. We shall also assume a Schwarzian
property, see below.

The standard example is when & = Mat,(R). Note that we have the
exponential map

exp: & — & given by exp(v) = Z % =e".

We define
Pos = exp(Sym).
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Then every element of Pos has a square root in Pos, namely p = exp(v)
implies p!/2 = exp(v/2).
Let v, we /. We define

F,(w) = exp(—v/2) exp’(v)w - exp(—v/2) = €2 exp’(v)we™"2.

Note that

d

exp’ (v)w = zexp(v + tw)
! =0

Directly from the definitions, we get

=21
(1) exp’(v)w = Z . Z v"wos.

n=0 ¢ r+s=n-1

Since powers of an element commute with each other, we note that
exp(—v/2) commutes with powers v”, v°.

Lemma 2.1. The maps F, and exp’(v) are hermitian with respect to the
tr-scalar product on sf. If ve Sym, then F, and exp'(v) map Sym into
itself.

Proof. A routine verification gives for u, v, we &/

0

tr(Fy(w)u) = Z % Z tr(exp(—v/2)v"wv® exp(—v/2)u)

n=0 " r+s=n-1

=31 S te(wt exp(-o/2)u exp(—v/2)v')
n=0 n 1

“ r4s=n—
= tr(wF,(v))
because exp(—v/2) commutes with v" and v*. This concludes the proof
that F, is hermitian with respect to the tr-scalar product. If v € Sym, then
formula (1) shows that F, maps Sym into itself. The statements about
exp’(v) follow the same pattern of proof.

We define L,: &/ — « to be left multiplication, L,(w) = vw, and R, is
right multiplication. We let D, =L, - R,, so

D,(w) =vw—wv = [v, w] forall v,we .

Lemma 2.2. Let veSym. Then D? is hermitian on Sym.
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Proof. Again this is routine, namely:
Dy(w) = vw — wy,
DX(w) = v*w — 20w + wi?,

(D*w)u = v®wu — 2owou + woy,
wD2u = wvu — 2wouv + wuv?.
Applying tr to these last two expressions and using its basic property
tr(xy) = tr(yx) yields the proof of the lemma.

We recall that a hermitian operator B on Hilbert space is called
semipositive, written B = 0, if we have (Bw, w) =20 for all w# 0 in the
Hilbert space. Then one defines By = B> if By — B, = 0.

In the proofs that follow, we shall use two basic properties.

Spectral Property. Let M be a symmetric linear map of a finite
dimensional vector space over R, with a positive definite scalar product.
Let b2 0. Let fy(t) be a convergent power series such that fy(t) = b
for all t in an interval containing the eigenvalues of M. Then
fo(M) =z bl

Proof. Immediate by diagonalizing the linear map with respect to a
basis. Of course, the Appendix proves the analogous property in Hilbert
space.

We also assume:
Schwarzian Property. For all v, we Sym,
tr((ow)?) < tr(v?w?).

For the convenience of the reader, we recall the proof in the cases of
matrices. The matrices (linear maps) can be simultaneously diagonalized,
if one of them is positive definite, and in that case the inequality amounts
to the usual Schwartz inequality. If both matrices are singular, then one
can consider a matrix w + ee with the identity matrix ¢, and € > 0. Then
w + ee is non-singular for all sufficiently small € # 0, and one can then use
the preceding non-singular case, followed by taking a limit as € — 0. This
concludes the proof.

We define a formal power series

R (1/2)* __sinh t/2  exp(t/2) — exp(—1/2)
f(‘)_,;o(zkﬂ)!‘ 2 1 :
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We note that L, and R, commute with each other, and so
exp(D./2) = exp(L/2) exp(~Ry/2).
We may take f(D,). Since only even powers of D, occur in the power

series for f; it follows that if v € Sym, then f(D,) maps Sym into itself, and
the operator

f(Dy): Sym — Sym
is hermitian for the tr-scalar product.
Lemma 2.3. For any ve s/, we have D,F, = D, f(Dy).
Proof. Let t— x(t) be a smooth curve in /. Then
x(exp x) = (exp x)x.
Differentiating both sides gives
x' expx + x(exp x)' = (exp x)'x + (exp x)x',
and therefore
x' expx — (exp x)x' = (exp x)'x — x(exp x)'.

Multiplying on the left and right by exp(—x/2), and using the fact that x
commutes with exp(—x/2) yields

2 exp(—x/2)x’ exp(x/2) — exp(x/2)x" exp(—x/2)
= exp(—x/2)(exp x)’ exp(—x/2)x
— x exp(—x/2)(exp x)' exp(—x/2).

Since L, and R, commute, we have

exp(Dy/2) = exp(Ls/2) exp(~Rs/2),
so (2) can be written in the form
(3) (exp(Dx/2) — exp(—Dx/2))x" = DxFyx'.

We now take the curve x(f) = v+ tw, and evaluate the preceding identity
at t=0, so x'(0) =w, to conclude the proof of the lemma.
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Theorem 2.4. Let veSym. Then F,= f(D,) on Sym. Hence for
we Sym, we have

exp’(v)w = exp(v/2) - f(Dy)w - exp(v/2).

Proof. Let h, = F, — f(D,). Then h,: Sym — Sym is hermitian, and its
image is contained in the subspace E = Ker D, Sym. Since Sym is
assumed finite dimensional, it is the direct sum of E and its orthogonal
complement E* in Sym. Since A, is hermitian, it maps E+ into EX, but 4,
also maps E' into E, so h, =0 on EL. In addition, E is the commutant
of v in Sym, and hence f(D,)=id=E, on E, so h,=0 on E. Hence
h, =0 on Sym, thus concluding the proof of the theorem.

Theorem 2.5. Let veSym. Then D? is semipositive, and f(D,) = I.
Proof. By Lemma 2.2, for we Sym we have
(D2w, wy,, = tr(wvw — 2owow + v?w?)
= 2tr(v?w? — (w)?).

Thus the semipositivity of D2 results from the Schwarzian property of tr.
Now we can write

f) = fo(??)

where f((f) is the obvious power series, which has positive coefficients.
Note that fo(f) =1 for all > 0. Therefore by the spectral property of
power series, it follows that

f(Du) = fo(D.%) 21
This concludes the proof.

Theorem 2.6. The exponential map exp is tr-norm semi-increasing on
Sym, that is for all v, we Sym, putting p = exp(v), we have

[wlee = tr(w?) < tr((p™" exp’(v)w)?) = lexp’ (o)W
Proof. The right side of the above inequality is equal to

tr((p~ e"pl(”)w)z) = tr((exp(—v/2) - exp’(v)w - exp(—v/ 2))2
= tr(F,(w)?)
= |f(Dy)w|2 by Theorem 2.4.

Applying Theorem 2.5 now concludes the proof.



332 AN EXAMPLE OF SEMINEGATIVE CURVATURE [XIL, §3]

Corollary 2.7. For each v e Sym, the maps
F, and  exp'(v): Sym — Sym
are linear automorphisms.

Proof. Theorem 2.6 shows that Ker exp’(v) = 0, and exp’(v) is a linear
isomorphism. The statement for F, then follows because F, is composed
of exp’(v) and multiplicative translations by invertible elements in Sym.
This concludes the proof.

We note that Theorem 2.6 concludes the proof of Theorem 1.2.

Remark, There is no trace on the full algebra of endomorphisms of an
infinite dimensional Hilbert space, satisfying the conditions listed at the
beginning of the section. There are such traces on some other types of
infinite dimensional algebras with units. Lemmas 2.1, 2.2 and 2.3 don’t
depend on anything more. However, Theorem 2.4 depends on an
additional hilbertian property, namely that there exists a constant C > 0
such that

tr(v?) = Cp)>  forall veSym,

where |v| is the original Banach norm. Since all norms on a finite
dimensional vector space are equivalent, this condition is valid in finite
dimension. But as Rieffel has informed me, if this condition is satisfied,
and so makes & into a Hilbert space, then necessarily &/ is finite
dimensional. There remains to be seen whether there are natural infinite
dimensional cases where a weaker condition is still true so that con-
sequences of this property, similar to Theorem 2.5 and 2.6, are valid in
some sense, without &/ being complete for the Hilbert trace norm.

Xil, §3. TOTALLY GEODESIC AND
SYMMETRIC SUBMANIFOLDS

We continue with the same notation as in the preceding section. We
follow Mostow’s exposition of Cartan’s work, as before [Mo 53]. It can be
shown that all finite dimensional symmetric spaces of non-compact type
are symmetric submanifolds of Pos, for some n, depending on the choice
of a suitable representation. Thus Theorems 3.3, 3.5, 3.7 and 3.9 below
apply quite generally.
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We abbreviate some mappings which occur frequently as follows. For
v e Sym:
J, =exp’(v) (the Jacobian of the exponential map),
Ay,=R,+L, where p=expv=e’,
so A,(w) =e"w+ we”.

At the moment, we do not yet know that A4, is a linear isomorphism. To
prove this, we shall use another function besides f, namely we let

g(t) = 21 ()" cosh(z/2) = ¢ coth(t/2).

Since g(f) — o0 as t — o0, g(t) » 1 as t — 0, and g(¢) > 0 for all e R,
it follows that g is a continuous function on every closed interval [0, c],
and is bounded away from 0 and oo on this closed interval. Furthermore,
g(t) = go(¢?) where go satisfies go = € >0 on [0, c], for some € > 0.

Theorem 3.1. The Hermitian operator A, is invertible on Sym. Fur-
thermore, we have the formula

A, = exp’(v)go(D?) on Sym.
Proof. From the definitions and Theorem 2.4, we know that

J, = exp’(v) = exp(L,/2) exp(R,/2) f(D,) on Sym.

Note that exp L, =L, and exp R, = R,. Abbreviate L=L,, R=R,,
D=L - R. By Corollary 2.7, we find

74, =T (R + ey = f(D) e L2 RI2 (L 4 R)
— f(D)—l(e(L—R)/Z + e(R—L)/Z)
= f(D) (P + 7P
=2/(D)™" cosh(D/2) = ¢(D),
which proves the formula. Now from the fact that gy is bounded away

from O, strictly positive on an interval [0, ¢] such that 0 < D? < cI, we
deduce the invertibility, and conclude the proof of the theorem.

The next considerations will depend on the existence of symmetries, so
the present context may also be viewed as an example of symmetric
spaces, which will be defined in general in Chapter XIIIL
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Let pePos, and consider the mappings of Pos — Pos given by:
S(x)=x71, B,(x) = pxp, Sp(x) = px~!p, 80 Slf = id.

One calls S, the Cartan symmetry and we have S, = B,0S. We know
that B, is an isometry, and we claim that S is also an isometry. Indeed,
the differentials of S and B, are given by

S'(pyw=—p~'wp™!,  Bj(v)w = pwp.

as one verifies directly from the definitions. This is a pure Banach algebra
relation. Then the isometry relation

|S'(P)W|§—l = IWI; for pePos, weSym,

is immediate from the definitions of the trace and the scalar product. It
follows that .S, is an isometry, being composed of isometries. In addition,
we note that S,(p) = p, that is, p is a fixed point of S,.

We have S,(p) = —id.
Proof. Immediate from the chain rule S,(p) = B, (S(p))S’(p).

The above properties show that .S, is a symmetry in the sense defined
generally in the next chapter.

We shall study submanifolds, both in the Lie vector space Sym and in
the symmetric space Pos = exp Sym. So let ¥ be a vector subspace of Sym,
and let X =exp(¥). Note that if y = exp(w) € X, then y~! = exp(—w) is
also in X, so X is stable under the map y+ y~!. By a symmetric
submanifold of Pos, we mean a submanifold of the form X = exp(¥) such
that X satisfies the condition

SYM 1. x, y € X implies xyx € X.

In other words, X is stable under the operation (x, y) — xyx. Observe
that this condition is equivalent with the condition that S, leaves X stable
for all xe X, i.e. X is stable under all Cartan symmetries with x € X.

Example. Let Sym, be the standard space of symmetric » x n real
matrices, and let 7 be the subspace of matrices with trace 0. Thus
X =exp U consists of the positive definite symmetric matrices with
determinant 1, which is symmetric. As we shall we below, it follows that
X is a totally geodesic submanifold of Pos,, usually denoted by SPos, (the
special positive elements).
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Let X = exp(¥) be a symmetric submanifold. Then for each y € X we
have the operator

[: X - X  defined by V]x = yxy.

Lemma 3.2. Suppose X =exp(V) symmetric. Given p, ge X there
exists ye€ X such that ypy = q. In other words, X acts transitively on
itself.

Proof. The condition ypy = ¢ is equivalent with

2
PV2ypl2pl2ypli2 — pl2gpl2 oy (pl/2),p12Y2 — pli2gp1/2.
o pypl = (pl/qul/z)l/z,

&  y=pV(p2gp) 2112,
which concludes the proof.

Note. A similar proof shows that given p, g € X there exists y € X such
that ypy = ¢! and thus also ygy = p~!. Written in terms of the operator
[y], these read

Mp=g' and [lg=p7.

We shall now describe equivalent conditions for a manifold to be
symmetric. First we derive a formal relation about the exponential on

Sym.
For all we &/ we have

% exp(tw) = exp’ (tw)w = e™w.

This follows at once from the definition of the differential, and the fact
that all elements with which we operate commute with each other, so one
can take the derivative of exp(fw) in the usual way from ordinary cal-
culus. Now given x = ¢* and p e Pos, we can define a curve £(¢) in Sym
by the formula

exp &(f) = ™ pe™.

Note that £(0) =log p and exp(£(1)) = xpx. Differentiating with respect
to ¢, we obtain
exp’(£()¢'(2) = e™wpe™ + & pt™"w
= Ag(w)

by the definition of A4, and the first observation in the proof. It follows



336 AN EXAMPLE OF SEMINEGATIVE CURVATURE [XII, §3]

from Theorem 3.1 that

E'(1) = exp’ (6(1) ™ Ago (w)
= f(D4y/2)™" cosh(Dgy/2)(w)
(1) =90 (Dg(,))(W)-

Theorem 3.3. Let V be a vector subspace of Sym, and let X = exp(V).
Then X is a symmetric submanifold of Pos if and only if:

SYM 2. The map D? maps V into itself for all ve V.

Proof. Suppose that D2 maps V into itself for all u € V. Note that go is
actually real analytic, and the above equation is an ordinary differential
equation for £(¢) in V. It has a unique solution with initial condition
£(0) = log p, and of course, this solution lies in V, that is £(f) € V for all
t. Taking ¢t =1 shows that xpx € exp(V), thus proving one implication.

Conversely, assume that x, p € exp(V) implies xpx € exp(V). Let w be
as before, and also £(¢) as before, with say £(0) = v = log p. We have to
show Df(w) € V. By assumption, £ is a curve in ¥, and hence so is &,
which we computed above, with the power series f of §2. Thus £'(¢) is a
power series in f, whose coefficients lie in V. The coefficient of £2 is
directly computed to be

T%Dg(o)(w) ev,
thus completing the proof of the theorem.

Remark 3.4. The condition that V is stable under D? for all ve V is
actually a Lie algebra condition, because in an arbitrary Lie algebra one
may define D, by

D,(w) = [v, w].

One may then use the following purely Lie algebraic result to get an
equivalent condition.

Lemma 3.5. Let L be a Lie algebra and V a linear subspace. Then V is
stable under D? for all v e V if and only if V is stable under all operators
DD, with u, ve V.

Proof. Applying the hypothesis that D? leaves V stable to u+ v
(polarization) shows that D, D, + D,D, leaves V stable, or in other words,

(%) [, [v, W] + [v, [u, w]] eV  forall u,v,weV.
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From Dy, , = D,D, — D,D,, we see that Dy, + 2D,D,, leaves V stable,
that is

(*) [, o], w] +2[v, [u, w]] € V.

Interchanging » and w in (x) shows that [fu, ], w]+ [v, [u, w]] e V.
Combining this with (**) proves the lemma. Note that proof is valid for a
Lie algebra over any commutative ring.

A linear subspace of a Lie algebra which satisfies the property that for
all 4, v, w in the subspace the element [u, [v, w]] lies in the subspace is
called a Lie triple system. Thus the lemma implies

Theorem 3.6. A submanifold X = exp(V) of Pos is symmetric if and
only if V is a Lie triple system.

The previous theorem established an equivalent between a Lie property
and the symmetry property of the submanifold. The next theorem gives
another equivalent condition in terms of geodesics.

We say that X = exp(V) is a geodesic submanifold if given two points x,
y € X, the geodesic between these two points lies in X.

Theorem 3.7. Let X =exp(V). Then X is a geodesic submanifold if and
only if X satisfies the (equivalent) conditions of Theorem 3.3, e.g. X is a
symmetric submanifold.

Proof. Assume X is symmetric. The image of the line through 0 and an
element v € V, v # 0 is a geodesic which is contained in X. Since the maps
x+ yxy (for y e X) leave X stable, and act transitively on X, it follows
that X contains the geodesic between any two of its points. Conversely,
assume X is a geodesic submanifold. Let xe X, ve V. Then Sx maps the
geodesic x!/2 exp(tv)x!