Differential Geometry

Andrzej Derdzinski
Author address:

DEPT. OF MATHEMATICS, OHIO STATE UNIVERSITY, COLUMBUS, OH 43210
E-mail address: andrzej@math.ohio-state.edu






Contents

Preface

Chapter 1. Differentiable Manifolds

1. Manifolds

Problems

2. Examples of manifolds
Problems

3. Differentiable mappings
Problems

4. Lie groups

Problems

Chapter 2. Tangent Vectors

5. Tangent and cotangent vectors
Problems

6. Vector fields

Problems

7. Lie algebras

Problems

8. The Lie algebra of a Lie group
Problems

Chapter 3. Immersions and Embeddings

9. The rank theorem, immersions, submanifolds
Problems

10. More on tangent vectors
Problems

11. Lie subgroups

Problems

12.  Orthogonal and unitary groups
Problems

13.  Orbits of Lie-group actions
Problems

14. Whitney’s embedding theorem
Problems

Chapter 4. Vector Bundles

15. Real and complex vector bundles
Problems
16. Vector fields on the 2-sphere

K.

— =
=N CO U ks DN N ==

DO ==
= =~

W NN DN NN
O N O N

33
33
36
39
41
43
44
44
49
51
51
53
95

o7
o7
59
60



vi CONTENTS

Problems 65
17.  Operations on bundles and vector-bundle morphisms 66
Problems 69
18.  Vector bundle isomorphisms and triviality 69
Problems 70
19. Subbundles of vector bundles 71
Problems 73
Chapter 5. Connections and Curvature 75
20. The curvature tensor of a connection 75
Problems 7
21. Connections in the tangent bundle 79
Problems 80
22. Parallel transport and geodesics 81
Problems 83
23. The “comma’” notation for connections 84
Problems 86
24. The Ricci-Weitzenbock identity 86
Problems 89
25. Variations of curves and the meaning of flatness 90
Problems 92
26. Bianchi identities 93
Problems 95
27. Further operations on connections 96
Problems 98
Chapter 6. Riemannian Distance Geometry 101
28. Fibre metrics 101
Problems 104
29. Raising and lowering indices 105
Problems 107
30. The Levi-Civita connection 107
Problems 108
31. The lowest dimensions 110
Problems 110
32. Riemannian manifolds as metric spaces 111
Problems 113
33. Completeness 114
Problems 116
34. Convexity 117
Problems 118
35. Myers’s theorem 118
Problems 120
Chapter 7. Integration 121
36. Finite partitions of unity 121
Problems 122
37. Densities and integration 123
Problems 124

38. Divergence operators 125



CONTENTS vii

Problems 127
39. The divergence theorem 127
Problems 128
40. Theorems of Bochner and Lichnérowicz 128
Problems 130
41. Einstein metrics and Schur’s theorem 130
Problems 131
42. Spheres and hyperbolic spaces 132
Problems 133
43. Sectional curvature 134
Problems 134
Chapter 8. Geometry of Submanifolds 137
45. Projected connections 137
Problems 139
46. The second fundamental form 140
47. Hypersurfaces in Euclidean spaces 141
48. Bonnet’s theorem 141
Chapter 9. Differential Forms 143
49. Tensor products 143
Problems 145
50. Exterior and symmetric powers 146
Problems 148
51. Exterior forms 149
52. Cohomology spaces 152
Problems 154
Chapter 10. De Rham Cohomology 157
53. Homotopy invariance of the cohomology functor 157
Problems 159
54. The homotopy type 160
Problems 161
55. The Mayer-Vietoris sequence 161
Problems 163
56. Explicit calculations of Betti numbers 163
Problems 164
57. Stokes’s formula 165
Problems 166
58. The fundamental class and mapping degree 167
Problems 170
59. Degree and preimages 171
Problems 172
Chapter 11. Characteristic Classes 175
60. The first Chern class 175
Problems 176
61. Poincaré’s index formula for surfaces 176
Problems 177

62. The Gauss-Bonnet theorem 177



viii CONTENTS

63. The Euler class
Problems

Chapter 12. Elements of Analysis
64. Sobolev spaces
Problems
Problems
65. Compact operators
Problems
66. The Rellich lemma
67. The regularity theorem
68. Solvability criterion for elliptic equations
69. The Hodge-de Rham decomposition theorem

Appendix A. Some Linear Algebra
69. Affine spaces
Problems
70. Orientation in real vector spaces
Problems
71. Complex lines versus real planes
72. Indefinite inner products

Appendix B. Facts from Topology and Analysis
73. Banach’s fixed-point theorem
Problems
74. The inverse mapping theorem
Problems
75. The Stone-Weierstrass theorem
76. Sard’s theorem
Problems

Appendix C. Ordinary Differential Equations
78. Existence and uniqueness of solutions
Problems
79. Global solutions to linear differential equations
Problems
80. Differential equations with parameters

Appendix D. Some More Differential Geometry
81. Grassmann manifolds
Problems
82. Affine bundles
Problems
83. Abundance of cut-off functions
Problems
84. Partitions of unity
Problems
85. Flows of vector fields
Problems
86. Killing fields

179
182

185
185
185
187
188
188
188
189
190
190

191
191
191
192
192
194
194

195
195
196
197
198
199
201
201

203
203
205
206
209
211

215
215
215
216
217
217
217
217
218
219
221
222



CONTENTS

87. Lie brackets and flows
Problems

88. Completeness of vector fields
Problems

Appendix E. Measure and Integration
89. The Holder and Minkowski inequalities
90. Convergence theorems

Appendix F. More on Lie Groups
96. The exponential mapping
Problems
97.

98.
99.

Bibliography

Index

222
224
224
225

229
229
229

231
231
233
234
237
240

243
245



CONTENTS



Preface

The present text evolved from differential geometry courses that I taught at
the University of Bonn in 1983-1984 and at the Ohio State University between 1987
and 2005.

The reader is expected to be familiar with basic linear algebra and calculus
of several real variables. Additional background in topology, differential equations
and functional analysis, although obviously useful, is not necessary: self-contained
expositions of all needed facts from those areas are included, partly in the main
text, partly in appendices.

This book may serve either as the basis of a course sequence, or for self-study.
It is with the latter use in mind that I included over 600 practice problems, along
with hints for those problems that seem less than completely routine.

The exposition uses the coordinate-free language typical of modern differential
geometry. However, whenever appropriate, traditional local-coordinate expressions
are presented as well, even in cases where a coordinate-free description would suffice.
Although seemingly redundant, this feature may teach the reader to recognize when
and how to take advantage of shortcuts in arguments provided by local-coordinate
notation.

I selected the topics so as to include what is needed for a reader who wishes to
pursue further study in geometric analysis or applications of differential geometry
to theoretical physics, including both general relativity and classical gauge theory
of particle interactions.

The text begins with a rapid but thorough presentation of manifolds and dif-
ferentiable mappings, followed by the definition of a Lie group, along with some
examples. A list of all the topics covered can best be glimpsed from the table of
contents.

One topic which I left out, despite its prominent status, is complex differen-
tial geometry (including Kéhler manifolds). This choice seems necessary due to
limitations of space.

Finally, I need to acknowledge several books from which I first learned differ-
ential geometry and which, consequently, influenced my view of the subject. These
are Riemannsche Geometrie im Groffen by Gromoll, Klingenberg and Meyer, Mil-
nor’s Morse Theory, Sulanke and Wintgen’s Differentialgeometrie und Faserbiindel,
Kobayashi and Nomizu’s Foundations of Differential Geometry (both volumes), Le
spectre d’une variété riemannienne by Berger, Gauduchon and Mazet, Warner’s
Foundations of Differentiable Manifolds and Lie Groups, and Spivak’s A Compre-
hensive Introduction to Differential Geometry.

Andrzej Derdzinski
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CHAPTER 1

Differentiable Manifolds

1. Manifolds

Topics: Coordinate systems; compatibility; atlases; topology; convergence; maximal atlases; the

Hausdorff axiom; manifolds; vector spaces as manifolds.

Let r be a natural number (r = 0,1,2,...), or infinity (r = c0), or an addi-
tional symbol w (r = w). We order these values so that 0 <1< ... <00 < w. A
mapping F between open subsets of Euclidean spaces is said to be of class C" if
r =0 and F is continuous, or 0 < r < oo and F' has continuous partial derivatives
up to order 7, or r = oo and F has continuous partial derivatives of all orders
or, finally, » = w and F is real-analytic. (Each of the regularity properties just
named for F means the corresponding property for every real-valued component
function of F.)

An n-dimensional coordinate system (or chart) in a set M is a pair (U, p),
where U (the chart’s domain) is a nonempty subset of M and ¢ : U — ¢(U) is
a one-to-one mapping of U onto an open subset ¢(U) of R™.

Two n-dimensional coordinate systems (U, ¢), (ﬁ,@) in M are C" compatible,
0<r< w,if

a. The images (U NU), 3(UNUT) are both open in R",
b. The (bijective) composite mapping po¢~t: p(UNU) = ¢(UNU), and its
inverse, are of class C".

We call g oot the transition mapping between (U, ) and (ﬁ, ).

An n-dimensional C" atlas A on a set M is a collection of n-dimensional
coordinate systems in M which are mutually C” compatible and whose domains
cover M. When A is fixed, a set Y C M is said to be open if (U NY) is open
in R™ for each (U, ) € A. The family of all open sets is called the topology in M
determined by the C" atlas A. By a neighborhood of a point z € M we mean any
open set containing x. A sequence xy, kK =1,2,... of points in M then is said to
converge to a limit x € M if every neighborhood of x contains the xj for all but
finitely many k.

An n-dimensional C" atlas A on M is called mazimal if it is contained in
no other n-dimensional C" atlas. Every n-dimensional C” atlas A on M is
contained in a unique maximal C" atlas Apa.x. The topologies in M determined
by A and Ap.x coincide (Problem 2).

The topology determined by an atlas A on M is said to satisfy the Hausdorff
aziom (or, to be a Hausdorff topology) if any two different points x,y € M have
disjoint neighborhoods.

An n-dimensional C" manifold, 0 < r < w, consists of a nonempty set M
along with a fixed n-dimensional maximal C" atlas A that determines a Hausdorff

1



2 1. DIFFERENTIABLE MANIFOLDS

topology. We will often suppress A from the notation and simply speak of “the n-
dimensional manifold M”. For instance, we will write n = dim M. The coordinate
systems (U, ¢) € A will be referred to as local coordinate systems (or local charts)
in the manifold M, or simply coordinate systems (charts) in M; those among them
having the domain U = M will be called global (rather than local).

Rather than C° manifolds, one often uses the term topological manifolds.

Any real vector space V with dimV = n < oo is an n-dimensional C%
manifold, with the atlas

(1.1) A={(V,p):¢ isalinear isomorphism of V onto R"}.

The charts forming A are global, so just one of them would suffice to define the
corresponding maximal atlas (Problem 9); however, our choice of A emphasizes
that the manifold structure is determined by the vector space structure alone.

Problems

1. Call two n-dimensional C™ atlases A, A’ on a set M equivalent if their union
AUA isa C" atlas. Show that A, A’ are equivalent if and only if they are
contained in the same maximal C” atlas. (This establishes a natural bijective
correspondence between the set of all maximal C” atlases on M, and the set of
equivalence classes of C" atlases.)

2. Prove that equivalent C" atlases (Problem 1) lead to the same topology.

3. For an n-dimensional C" atlas A on a set M, show that the following two
conditions are equivalent:

(i) the topology determined by A satisfies the Hausdorff axiom,
(ii) the limit of any convergent sequence of points in M is unique.

4. Given an n-dimensional C" atlas A on a set M, a coordinate system (U, p) €
A, and a point x € U, verify that a sequence xj of points in M converges to
x if and only if 2y € U for all sufficiently large & and ¢(xr) = ¢(x) in R™ as
k — oo.

5. A subset K of a manifold M is called closed if its complement M\ K is open.
Show that the class of all closed subsets of M contains M and the empty set,
and is closed under finite unions and arbitrary intersections.

6. Verify that a subset K of a manifold M is closed if and only if K contains all
limits of all sequences of points in K that converge in M.

7. Let 0 < 7 < s < w. Verify that every C° manifold M is naturally a C*°
manifold, that is, the maximal C* atlas of M is contained in a unique maximal
C" atlas on the set M.

8. Show that any linear operator F': R™ — R™ is of class C“.

9. Given an n-dimensional coordinate system (U, ) on a set M that is global
(i.e., U= M), verify that A= {(U, )} is an n-dimensional C* atlas on M.

10. Let (U, @) be a coordinate system in a C" manifold M. Show that a subset Y
of U is open if and only if ¢(Y') is open in R".

2. Examples of manifolds

Topics: Affine spaces as manifolds; cosets and nonhomogeneous linear equations; open subman-
ifolds; Cartesian products; the gluing construction; real and complex projective spaces; spheres;

tori; local geometric properties; compactness.



2. EXAMPLES OF MANIFOLDS 3

Any real affine space (M,V,+) of dimension n < co (see the appendix below)
can naturally be turned into an n-dimensional C* manifold, with the atlas formed
by all affine coordinate systemsin M, that is, those global charts (M, ) for which
¢ : M — R" satisfies ¢(y) = ¢(y — z) for some “origin” x € M, some linear
isomorphism ¢ : V — R”, and all y € M.

From now on, defining a specific atlas A on a set M, we will allow the coor-
dinate mappings ¢ : U — ¢(U) of the n-dimensional coordinate systems forming
(U, ) with U C M to be one-to-one mappings of U onto open subsets ¢(U) of
various n-dimensional affine spaces M’ rather than just R"™. These ¢ then have to
be composed with all possible affine coordinate mappings ¢’ : M’ — R™ as defined
above; since linear (and affine) mappings between R™’s are analytic (Problem 8 in
§1, and Problem 15 below), compatibility for the resulting R"-valued charts does
not depend on how the ¢’ were chosen.

Let V be a Fuclidean space, i.e., a finite-dimensional real vector space endowed
with a fixed inner product (,). The unit sphere

SWV)y={veV:|v =1}

of V' (where || is the Euclidean norm with |v| = /(v,v)) then carries a natural
structure of a C* manifold with dimS(V) = dimV — 1, defined by the atlas
A= {({Uy,p,) : v e SWV)}, @y, : U, = A, being the stereographic projection
with the “pole” v. More precisely, U, = S(V)\{v}, while A, = vt — v, that is,
A, ={y €V : (y,v) = —1}, is an affine space with the translation space v’ (the
coset of v+ through —v; see the preceding paragraph), and, for x € U, p,(z) is
the unique intersection point of the line through v and = with A,. Compatibility
is easily seen even without computing the transition mappings explicitly; their
components are rational functions of the coordinates. When V = R™*! with the
standard Euclidean inner product, we write S™ instead of S(V).

The 1-dimensional sphere S! is usually called the circle. By the n-dimensional
torus we mean the manifold 7™ = S! x ... x S! obtained as the Cartesian product
(Problem 3 in §2) of n copies of the circle S'. Thus, dim7T" =n and T' = S*,
while T2 = S! x S! can be visualized as a surface shaped like a donut (or an inner
tube):

Fig. 1. The 2-dimensional torus

Consider now a real or complex vector space V' of dimension n < co; thus, its
real dimension is dn, where d € {1,2} is the dimension of the scalar field over R.
We define the projective space of V' to be the C* manifold of dimension d(n — 1)
with the underlying set

P(V)={L:Lisa l-dimensional vector subspace of V'}.



4 1. DIFFERENTIABLE MANIFOLDS

Its manifold structure is determined by the atlas A = {(Uy, py) : f € V*\{0}}
indexed by all nonzero scalar-valued linear functions on V', and defined as follows.
Set U = {L € P(V): L is not contained in Ker f} and Ay = f~!(1) (this is an
affine space with the translation space Ker f, namely, a coset of Ker f), and let
wf:Up — Ay send each L € Uy onto its unique intersection point with Ay ; thus,
if L =Rv or L = Cuv, then ¢s(L) = v/f(v). Compatibility follows since, for
fih € VA{0}, p(Up NUL) = Ap\ Kerh and (¢ 0 @) (w) = w/ f(w).

When V = R""! or V = C"*! rather than P(V) one speaks of the real
projective space RP™ and the complex projective space CP™. The 1-dimension-

al subspace L € P(V) spanned by a nonzero vector (z°,...,2") in V then is
denoted by [2°,...,2"] € P(V). (One then refers to z°,...,2" as homogeneous
coordinates of L = [29,... 2"].)

We say, informally, that a property pertaining to (subsets of) manifolds has
a local geometric character if it can be defined/verified using just any particular
collection of coordinate systems covering the set in question, without resorting
to studying all charts in the maximal atlas of the manifold. Examples of such
properties are: openness of sets (just cover the set U in question with any family
of charts and see if each of them makes U appear open), and convergence of
sequences: to see if z; — x as k — oo, fix just one chart (U, ) with z € U and
ask if ¢(zx) — p(z) (Problem 4 in §1).

Another important example of this kind is compactness of sets. (We say that a
subset K of a manifold M is compact if every sequence z, k =1,2,..., of points
in K has a subsequence that converges in M to a point z € K.)

Problems

1. Let there be coordinate systems (U, ) in a set M and (U’,¢’) in a set M’,
of dimensions n and n/, respectively. Verify that (U x U’,p x ¢') with (¢ x
)z, 2") = (p(x), ¢’ (2’)) then is an (n + n’)-dimensional coordinate system in
the Cartesian product M x M’ = {(z.2’):x € M, 2’ € M'}.

2. Given coordinate systems (U, 1), (Us,¢2) inaset M and coordinate systems
(U1, ¢}), (Ug,¢4) in a set M’ such that the first two and the last two are C"
compatible, show that the coordinate system (U; x Uy, 1 X ) in M x M’ is
C" compatible with (Us X Uj, @2 X ¢h).

3. Given manifolds M , M’ of class C", prove that the set M x M’ carries a unique
manifold structure of dimension dim M + dim M’ and class C", whose maximal
atlas contains all (U x U’, ¢ X ¢’) such that (U, ) and (U’,¢’) belongs to the
maximal atlas of M and M’, respectively. (With this structure, M x M’ is
called the product manifold of M and M’.) Generalize this to the product
My x ... x M of k factors.

4. Verify that the class of all open subsets of a manifold M (also called the topology
of M) contains M and the empty set, and is closed under finite intersections
and arbitrary unions.

5. Verify that every subset A of M is contained in a unique set clos(A) such that
clos(A) is closed and clos(A) C K for any closed set K C M containing A.
(We call clos(A) the closure of A.)

6. Suppose we are given four open sets Y1,Ys, 71,75 in R™ with Z, C Y, for
« € {1,2}, and a mapping h : Z; — Z5 which is a C" diffeomorphism, 0 <1 <
r < w (that is, h is one-to-one and onto, and h and its inverse h~! are both
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of class C"). Define M to be the set obtained from the disjoint union of Y;
and Y5 by identifying Z; with Zs along h. Specifically, M is the quotient of
(Y1 x {1}) U (Y2 x {2}) under the equivalence relation ~, with (y,a) ~ (v, o)
if and only if (y,a) = (v/,d/),or a # &/, y € Z,, ¥y € Z/, and either y' = h(y)
with a =1, or y = h(y’") with a =2.

(i) Verify that the quotient projection 7 : (Y1 x {1})U (Y2 x{2}) — M, sending
each (y,a) onto its ~ equivalence class, is injective when restricted to
either of Y, x {a}.

(i1) Set U, = 7(Yy x {a}) C M, and let ¢, : U, — Y, C R™ be the inverse
of m:Y, x{a} — U, followed by the identification Y, x {a} — Y,. Show
that A = {(U1,¢1), (Uz,p2)} is an n-dimensional C” atlas on M.

7. In Problem 6, let Z; = Zs be an open subset of Y7 = Y5 C R”™ such that the
complement Y7\ Z; is not an open set, and let h be the identity mapping. Show
that the resulting atlas A gives rise to a non-Hausdorff topology on M.

8. Construct M and the atlas A as in Problem 6, using n = 2, ¥; = Y5 = C
(the set of complex numbers, identified with R?), Z; = Zy = C\{0} and h
given by h(z) = 1/z (in the sense of the complex multiplication). Prove that
A determines a Hausdorff topology on M. (The 2-dimensional C* manifold
thus obtained is known as the Riemann sphere.)

9. Let M and A be again obtained as in Problem 6, with n = 2, Y] = Y, =
(-1,1) x (-1,1), Z14 = Zy = {(z,y) € Y1 :  # 0}, and with h given by
h(z,y) = (x 4+ 1,y) for £ <0 and h(z,y) = (x —1,—y) if £ > 0. Show that
A determines a Hausdorff topology on M. (The resulting 2-dimensional C¥
manifold is called the Mdbius strip. See Fig. 2 in §3.)

10. Suppose that (U, ) be a coordinate system in a manifold M. For any open set

U’ C M contained in U, let ¢’ stand for the restriction of ¢ to U’. Verify

that the pair (U’,¢’) then also belongs to the maximal atlas of M.

11. Let U be an open subset of an n-dimensional C” manifold M, and let Ay be

the subset of the maximal C” atlas A of M formed by all coordinate systems

whose domains are contained in U. Show that Ay is an n-dimensional maximal

C™ atlas on the set U. (The n-dimensional C" manifold thus obtained is said

to be an open submanifold of M.)

3. Differentiable mappings

Topics: Continuous mappings; homeomorphisms; differentiable mappings; functions; diffeomor-
phisms; compactness and continuity; curves; piecewise differentiability; connected sets; connec-
tivity and continuity; connected components; disjoint sums of manifolds; gluing constructions;

connected sums.

Given C° manifolds M, N, a subset K of M and a mapping f: K — N,
we say that f is continuous if f(zx) — f(x) in N as k — oo whenever zy,
k=1,2,...,1is a sequence of points in K that converges in M to a point = € K.
A continuous mapping f : K — N is called a homeomorphism between K and
the image f(K) C N (or, briefly, a homeomorphic mapping) if f is one-to-one and
the inverse mapping f~!: f(K) — M is continuous.

A mapping f: M — N between C° manifolds is said to be of class C!, where
0 <1< s < w,ifit is continuous and, for any coordinate systems (U, ), (U, ")
in M and N, respectively, the composite ¢’ o fop~!: U N f~HU")) — R",
n = dim N, is of class C!. (Note that p(UNf~1(U")) is open in R™, m = dim M ;
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see Problems 2(i) below and 4 in §2.) When 0 < ! < oo, we will then also say
that f is C! differentiable; in particular, C’differentiability is nothing else than
continuity. On the other hand, C“ mappings will often be referred to as real-
analytic.

The C! class of a given mapping will also be referred to as its regularity. Reg-
ularity of mappings between manifolds is another important example of a local
geometric property (see §2). In fact, to verify if a mapping is of class C!, we only
need to use, in both manifolds involved, some simple atlases of our choice, rather
than the full maximal atlases. (Regularity of the transition mappings between
charts then guarantees the result for all the maximal atlases as well.)

We say that f: M — N is a C! diffeomorphism if it is one-to-one and onto,
while both f and f~': N — M are of class C!. Two C' manifolds are called
diffeomorphic (or, C'-diffeomorphic) if there is a C! diffeomorphism between them.

Mappings f: M — R are usually called (real-valued) functions on M.

A curve in a C® manifold M is, by definition, a mapping ~ : I — M, where
I C R is any interval containing more than one point. (Thus, I may be open,
closed, or half-open, bounded or unbounded.) The curve + is said to be of class C!,
1=0,1,2,...,r, if it has a C! extension to some open interval containing I (note
that open intervals are 1-dimensional manifolds). More generally, we say that a
curve v : I — M is piecewise C', 1 =1,2,...,r, if it is continuous and there exist
t1,...,tx in the interior of I, for some integer k£ > 0, such that the restrictions of
v to IN(—oco,t1], IN[t1,ta], ., TN [tr_1,tx], 1N [tx,00) are all of class C'.

Let K be a subset of a manifold M. Recall (§2) that K is said to be compact
if every sequence xy, k=1,2,..., of points in K has a subsequence that converges
in M to a point z € K. On the other hand, K is called (pathwise) connected if
any two points x,y € K can be joined by a continuous curve in K, that is, if there
exists a continuous curve 7 : [a,b] — M with —oco < a < b < 00, ¥([a,b]) C K,
and y(a) =z, v(b) = y.

Every manifold M can be uniquely decomposed into a disjoint union of its
connected components, that is, its maximal pathwise connected subsets. Every
connected component is both open and closed as a subset of M (see Problem 10).

Conversely, given a family {My} e of n-dimensional C* manifolds, we can
form their disjoint sum (or disjoint union), which is the n-dimensional C*® manifold
with the underlying set

(3.1) M= | M x )

AEA

and with the manifold structure determined by the atlas which is the union of
atlases describing the structures of the M,. (Note that each M, may be treated
as a subset of M via the injective mapping My 3> x — (z, ), and so a chart in
M) is also a chart in M.)

The following assertions are immediate from the above definitions.

LEMMA 3.1. Let M be a C® manifold with a family {Ux}rea of nonempty
open sets Uy C M such that |J, Ux = M and Uy N Uy =0 whenever X # N.
Then there exists a unique C*° diffeomorphism between M and the disjoint sum of
the Uy (treated as open submanifolds of M), whose restriction to each Uy is the
identity inclusion mapping.
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COROLLARY 3.2. Every manifold is naturally diffeomorphic to the disjoint sum
of its connected components.

As a consequence, in most situations problems concerning manifolds can be
directly reduced to questions about connected manifolds.

The disjoint sum operation, applied to a family containing more than one man-
ifold, always results in a manifold which is disconnected (that is, not connected;
this is immediate from Problems 3.10 and 3.11). There is, however, a class of ”sum”
or "union” operations that does preserve connectedness. Specifically, given n-di-
mensional C® manifolds M’ and M”, open subsets U’ ¢ M’', U” ¢ M", and a
C? diffeomorphism h: U’ — U”, let

(3.2) M =M U, M"

be the set obtained by ”gluing” M’ to M" with the aid of &, i.e., forming first the
disjoint union of M’ and M" and then identifying each z € U’ with h(z). (For
details, see Problem 12 below, where Yj, Y5 stand for M’, M"”.) Both M’ and
M then may be regarded as (open) subsets of M, and the union of their maximal
atlases is an n-dimensional C* atlas A on M (Problem 12). Consequently, M
acquires the structure of a manifold, provided that A satisfies the Hausdorff axiom.
The latter condition need not hold in general (see Problem 7 in §2), and has to be
verified on a case-to-case basis. For instance, it does hold for the gluing procedure
used to obtain the Mobius strip (Problem 7 in §2):

Fig. 2. The the Mobius strip

An important class of examples in which the Hausdorff axiom does hold for A
described as above arises in the so-called connected-sum constructions. Here M’
and M" are arbitrary m-dimensional C'* manifolds with open subsets U’ € B’ C
M’ and U” c B” ¢ M", chosen so that B’, B” may be C*-diffeomorphically
identified with an open ball in R”, of some radius a > 0, centered at 0 and, under
those identifications, either of U’, U” is a ”spherical shell” obtained from a smaller
concentric open "ball” B., B!, of radius r, by removing an even smaller closed
ball K., K of some radius € > 0 (all balls centered at 0), with 0 < & < r < a.
The C*-diffeomorphism h : U’ — U"” is an inversion mapping, transforming the
closure in R™ of the spherical shell that both U’, U" are identified with onto itself
in such a way that the inner and outer boundary spheres become interchanged.
Specifically,

Pdx
3.3 h(x) = er——>,
(33) 00 = e 12
where @ : R® — R" is any norm-preserving linear isomorphism (i.e., any orthogonal
n X n matrix). We now use h to glue together, along U’ and U”, not the original
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manifolds M’ and M”, but their open submanifolds M{ and M{ with M) =
M'\K., M} = M"\K!. The atlas A obtained as above on the set M = M| Uy
Mg defined as in (3.2) then satisfies the Hausdorff axiom (see Problem 21), and
so M becomes an n-dimensional C*® manifold, called a connected sum of M’ and
M.

The connected-sum manifold just constructed depends not only on M’ and
M", but also on the additional ”parameters” that have to be fixed: The sets B’ C
M’ and B"” c M", their diffeomorphic identifications with a ball of radius a in R",
the smaller radii r and e, and the norm-preserving isomorphism F'. Nevertheless,
one often uses the informal notation

(3.4) M = M #M"

for the connected sum. (As a matter of fact, connected sums of the given manifolds
M’ and M" may represent either one, or two diffeomorphic types, and if there are
two of them, the difference between them results from the two different possible
values of det F', namely 1 and —1.)

A 2-dimensional C*® manifold is usually referred to as a C*° surface. Let k >0
be an integer. By a closed orientable C*° surface of genus k we mean a C*® surface
which is C? diffeomorphic to

a. The sphere S?, if k = 0.
b. A connected sum (3.4) of a closed orientable C* surface M’ of genus k — 1
and a C*® surface M" diffeomorphic to the torus 72, if k > 1.

Thus, starting from the sphere S? and successively "adding” the torus T2, we
obtain examples of surfaces of all possible genera.

Fig. 3. The closed orientable surface of genus 2

Problems

1. Set RY = {0}. By definition, let all mappings to/from any R" from/to R° be of
class C* (and continuous), and let both subsets of R? be open. Our definitions
of charts, atlases and manifolds thus make sense in the 0-dimensional case as
well. Verify that, for a 0-dimensional atlas on a set M, every subset of M
is open (this is referred to as the discrete topology), and the Hausdorff axiom
always holds. Show that every nonempty set M carries a unique structure of a
0-dimensional manifold, and that this manifold is compact if and only if M is
finite.

2. Let f: M — N be a mapping between manifolds. Verify that the following
three conditions are equivalent:

(i) f is continuous.

(i) The f-preimage f~!(U) of any open set U C N is open in M.
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11.

12.

13.

14.
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(iii) The f-preimage f~1(K) of any closed set K C N is closed in M.

. Let M be an n-dimensional C® manifold. Show that, for a pair (U, ), the

following two conditions are equivalent:

(i) (U,p) is a coordinate system in M (that is, an element of the maximal
atlas forming the manifold structure of M).

(ii) U is an open subset of M and ¢ is a C* diffeomorphism between U and
an open submanifold of R™. (See also Problems 11 in §2 and 7 in §1.)

Let f : K — N be a continuous mapping from a compact subset K of a

manifold M into a manifold N. Prove that

(a) The image f(K) is also compact.

(b) If, in addition, f restricted to K is injective, then f : K — f(K) is a
homeomorphism.

. Verify that a subset K of R™ is compact if and only if it is closed and bounded

(in the Euclidean norm).

. Let f: K — R be a continuous function on a compact subset K of a manifold

M. Show that

(a) f is bounded, i.e., |f| < C for some constant C' > 0.

(b) f assumes its largest and smallest values max f, min f somewhere in K.
Let f: K — N be a continuous mapping from a subset K of a manifold M
into a manifold N. Verify that, if K is (pathwise) connected, then so is the

image f(K).

. Prove that compactness and connectedness of subsets of manifolds are both

preserved by the Cartesian product operation.

. Let K be a subset of a manifold M. By a connected component of K we mean

any pathwise connected subset K’ C K which is maximal (i.e., not contained in

any other pathwise connected subset of K). The pathwise connected components

of M itself are simply called the connected components of M.

(a) Show that the connected components of K are pairwise disjoint, and their
union equals K.

(b) Verify that two points z,y € K lie in the same connected component of
K if and only if they can be joined by a continuous curve in K.

Prove that the connected components of any manifold M are both open and

closed as subsets of M. Verify that the connected components of a 0-dimen-

sional manifold M are the one-point subsets of M.

Show that a manifold M is connected if and only if the only subsets of M that

are simultaneously open and closed are () and M. (Hint below.)

Prove that the assertion of Problem 6 in §2 remains valid when modified as

follows: Y7 and Y5, instead of being open sets in R"™, are arbitrary n-dimen-

sional C'®* manifolds; (i) is the same, while (ii) is replaced by

(ii)> Let A be the union of atlases determining the manifold structures of Y;
and Ys. (Note that each Y, may be treated as a subset of M via the
injective mapping Y, 3 « — [(z,A)]~.) Show that A is an n-dimensional
C* atlas on M.

Given a real or complex vector space V of dimension n < oo, let us denote

by 7 : V\{0} — P(V) the standard projection mapping, sending each nonzero

vector onto the subspace it spans. Show that 7 is of class C* and onto. Verify

that V\{0} is connected if n > 2. (Hint below.)

For a Euclidean space V, let the normalization mapping v : VA {0} — S(V) be

given by v(w) = w/|w|. Prove that v is of class C* and onto.
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16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.
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Prove that the spheres S(V) (with dimV > 1), the tori T™, and real/complex
projective spaces P(V) defined above are all connected and compact.

For a Euclidean space V, define the mapping F : S(V) — P(V) by F(v) = Ruw.
Verify that F' is of class C“, onto, and the preimage under F' of any point in
P(V) is a pair of opposite vectors (“antipodal points”) in S(V). (Thus, the
underlying set of the real projective space P(V) may be regarded as obtained
by identifying antipodal points in the sphere S(V).)

Show that the real projective line RP? is diffeomorphic to the circle (1-dimen-
sional sphere) S1. Cf. Problem 4 in §14. (Hint below.)

Prove that the complex projective line CP! is diffeomorphic to the Riemann
sphere (Problem 8). Cf. Problem 4 in §14. (Hint below.)

Verify that the Riemann sphere (Problem 8 in §2) is diffeomorphic to the 2-di-
mensional sphere S2. Cf. Problem 4 in §14. (Hint below.)

Prove that the Mobius strip (Problem 9 in §2) is diffeomorphic to the real pro-
jective plane RP? minus a point. (Hint below.)

Show that the connected-sum operations described in the text actually leads
to manifolds, i.e., the atlases they produce always satisfy the Hausdorff axiom.
(Hint below.)

Prove that every C° manifold is C*®-diffeomorphic to a connected sum M # S™,
with n = dim M. (Hint below.)

Verify that the torus 72 is a closed orientable C* surface of genus 1.

Given pathwise connected subsets K’, K" of a manifold M such that K'NK" is
nonempty, verify that K'UK" is pathwise connected. Generalize this statement
to the case of arbitrary (not just 2-element) families of pathwise connected sets.
Given a C°® manifold M, let B be an open subset of M that admits a C*-
diffeomorphic identification with a ball of radius a centered at 0 in R”, and
let K C B be the set corresponding under such an identification to an open or
closed ball of a smaller radius £ > 0, also centered at 0. (Thus, it is possible
that K = {0}.) Prove that, if M is connected and dim M > 2, then M\ K is
a pathwise connected subset of M. (Hint below.)

Prove that connectedness (in dimensions n > 2) and compactness (in all dimen-
sions) are both preserved under the connected-sum constructions. What about
dimension 17 (Hint below.)

Hint. In Problem 13, connectedness: Fix v,w € V\{0}. If w is not a negative
multiple of v, the line segment connecting v to w lies entirely in V\{0}. If
w = A with A < 0, we may choose v € V\Rwv and join both v,w to u in
V\{0} as before.

Hint. In Problem 17, define F : RP' — S' by F(Rz) = (2/|2])? = 2/Z, treating
z € R? = C as a complex number.

Hint. In Problem 18, define F, : Y, — CP* by Fi(z) = [2,1], Fa(2) = [1, 2], with
Y, asin Problem 8 in §2 and [, ] referring to homogeneous coordinates (§2).
Hint. In Problem 19, define F, : Y, — S? by Fi(z) = (|]2|* + 4)71(4z,|2]? — 4)
(the inverse of the stereographic projection, mentioned in §2), and Fy(z) = (4|z|> +
1)"1(4z,1 — 4)z]?).

Hint. In Problem 20, define F, : Y, — RP?\{L} (notation of Problem 9 in §2)
with L =10,0,1] (homogeneous coordinates) by

Fi(z,y) = [cos(my/2) cos(ma/2), cos(my/2) sin(mwz/2), sin(wy/2)],
Fy(x,y) = [— cos(my/2) sin(wz/2), cos(my/2) cos(mx/2), sin(my/2)] .
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Hint. In Problem 21, consider two different points z,y € M = M’# M". Since
Mg and M (notation as in the text) may be treated as open subsets of M, we
may assume that © € M{\My and y € My\Mj. (In fact, if z,y are both in
M or both in M{, they can be separated there.) Hence x € M’ lies outside the
closure clos(B)) of Bl and y € M" lies clos(B)), and so x,y have the disjoint
neighborhoods M’\ clos(B;.) and M"\ clos(B)!) in M.

Hint. In Problem 22, set M’ = M and choose B’ C M’ and a diffeomorphic
identifications of B’ with a ball of radius a centered at 0 in R", as well as
the smaller radii r and ¢, as in the text. Using a scale-factor transformation of
R, we may always select a > 2, and then let us choose r = 2 and ¢ = 1/2.
Writing elements of R™*! as pairs (x,t) with x € R" and t € R, let us denote
by © = ¢w©,1) : U,y — A,1) the stereographic projection (see §2) with the
pole (0,1), where U1y = S"\{(0,1)}, S™ is the unit sphere centered at 0
in R"™, and A1) = {(x,—1) : x € R"}. Still treating B’ as a subset of
R", let us set M" = 5", KY, = {(0,1)} U o H[R™\ B}] x {-1}) and By =
{(0,1)} U ¢~ }([R™\ K 5]l x {=1}). The stereographic projection (see §2) with
the pole (0,—1) followed by the projection (x,1) — x then makes K{', and BY
appear as a closed/open ball, centered at 0, and having the respective radius 1/2
or 1. The C*-diffeomorphism h : U’ — U” (notation as in the text) comes from
the inversion mapping (3.3) with ¢ = Id.

To describe a C*-diffeomorphism F' : M’ # M’ — P, for any manifold P, we
just need to provide mappings F' : M'\K. — P and F” : M"\K” — P, which
both are C*-diffeomorphisms onto open submanifolds of P, while the intersection
of their images is F'(U’') = F"(U”) and F” o h coincides with the restriction
of F/ to U'. In our case, ¢ = 1/2 and P = M = M’, and we may declare
F’ to be the identity mapping of M'\K{/2 C M, and set F"(w) = x(w) with
p(w) = (x(w), 1). Note that the inversion mapping (3.3) with er =1 and ¢ = Id
coincides with the transition between two stereographic projections with mutually
antipodal (i.e., opposite) poles.

Hint. In Problem 25, let S be the boundary sphere of any closed ball @) centered
at 0 in R" with K C Q C B. Every z € M = (M\Q)US can be joined to some
y € S by a continuous curve lying entirely in M ; to see this, choose a continuous
curve v : [a,b] = M connecting = to a point in K and then replace it with ~
restricted to [a, ¢], where ¢ is the supremum of those ¢ € [a,b] with v([a,t]) C M.
Since S is connected (Problem 15), it follows that M is connected. Now, if K is
an open ball, we may choose @) to be the closure of K, and then M\ K = M. On
the other hand, if K is an closed ball, M\ K is a union of sets of the form M
(with the radii of the corresponding ) approaching ¢ from above), and we can
use Problem 24.

Hint. In Problem 26, let Q' C B, Q" C B/ be open balls slightly larger than
K’ or, respectively, K” (notation as in the text). Then the connected-sum man-
ifold (3.4) is a union of the connected or, respectively, compact subsets M'\ Q'
and M"”\Q" (see Problem 25 in §3). The compact case now is obvious, and for
connectedness we can use Problem 24 in §3.
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4. Lie groups
Topics: Groups; Abelian groups; Lie groups; examples.

Recall that a group is a set G endowed with a fixed binary operation (called
the multiplication), that is, a mapping

(4.1) GxG>3(a,b)—abe G,
having the following properties:

a. a(bc) = (ab)e for all a,b,c € G (associativity). Thus, we may skip the
parentheses and simply write abc instead of a(bc).

b. There exists a neutral element 1 € G with la =al =a for all a € G. (It
follows that such an element is unique.)

c. Each a € G has an inverse a=! € G with aa™ = a~
is uniquely determined by a.)

1 1

a=1. (Again, a~

The group G is said to be Abelian if its multiplication is commutative, that is,
ab = ba for all a,b € G. For Abelian groups one sometimes uses the additive
rather than multiplicative notation, writing a +b, 0, —a and a — b instead of ab,
1, a=! and ab~ !, respectively.

By a Lie group of class C*, 0 < s < w, we mean a C*® manifold G with a
fixed group structure such that both the multiplication and the inverse

. X G >3 (a,b)—abe G, Sa—a €
(4.2) GxG>(ab)—abeG G le@

are C® mappings. (Here G x G is the Cartesian product manifold; see Problem 3
in §2.)

ExXAMPLE 4.1. For any finite-dimensional real vector space V, the underlying
additive group of V is a Lie group of class C“.

ExaMPLE 4.2. Let A be a finite-dimensional associative algebra with unit
over the field R of real numbers. The open submanifold G of A consisting of all
invertible elements, with the algebra multiplication of A restricted to G, then is a
Lie group of class C¥, with dim G = dim A. (See Problems 2, 4.)

ExXAMPLE 4.3. Let V be a real or complex vector space of real/complex di-
mension dimV =n < co. The set GL(V) of all real/complex linear isomorphisms
of V' onto itself, with the composition operation, then is naturally a Lie group of
dimension n? (when V is real) or 2n? (when V is complex). This is a special
case of Example 4.2, with GL(V) = G for the real algebra gl(V) = A of all
real/complex linear operators V — V.

EXAMPLE 4.4. The sets GL (n,R) and GL (n,C) of all nonsingular real (or,
respectively, complex) nxn matrices, with the matrix multiplication, carry natural
Lie group structures of dimensions n? and 2n?, respectively. (This is a special case
of Example 4.3, with V' = R" or V = C", since linear operators between numerical
spaces may be identified with matrices.)

EXAMPLE 4.5. In particular, the multiplicative groups R\{0} = GL(1,R)
and C\{0} = GL(1,C) of all nonzero real/complex numbers are Lie groups with
their structures of open submanifolds of R and C, respectively.

EXAMPLE 4.6. Every group G may be viewed as a Lie group with dim G = 0.
(Such Lie groups are called discrete.) In fact, the maximal atlas of G then consists
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of charts with one-point (or empty) domains. Thus, the group structure of a Lie
group does not, in general, determine its manifold structure.

Given groups G and H, by a homomorphism from G to H we mean a mapping
F : G — H such that F(ab) = F(a)F(b) for all a,b € G. In the case where G and
H are Lie groups of class C*, we will say that F is a C! homomorphism, 0 < < r,
if it is both a group homomorphism and a C'! mapping between manifolds. (For
examples, see Problems 6 — 7 in §4.) A C' Lie-group homomorphism is called a
C' isomorphism if it also is a C! diffeomorphism of the underlying manifolds. Two
Lie groups G and H will be called C'-isomorphic if there is a C! isomorphism
G— H.

By the algebra of quaternions, denoted by H, we mean the vector space R*
endowed with the bilinear operation of (quaternion) multiplication, written H x
H > (p,q) — pq € H, and described as follows. Let 1, i, j, k be the standard basis
of H=R*. Then

i2 _ j2 _ k2 - _1
(4.3) L . L
ij=—-ji=k, jk=-kj=1i, ki=—-ik =j,
while 1 is the neutral element of the quaternion multiplication.

It follows easily from (4.3) that the quaternion multiplication is associative,
and that the mapping R>¢t+—t-1 € H is an algebra homomorphism. From now
on we will identify R with its image and write

(4.4) RCH.

The conjugation of quaternions is the real-linear operator H > = — Z € H, defined
by

(4.5) 1=1
It follows easily that

(4.6) Ty = YT, T ==z

for all z,y € H. We call i,j,k for the pure quaternion units. More generally, by
pure quaternions we mean elements of the 3-dimensional subspace

(4.7) It cH

spanned by 1i,j,k. Here + denotes the orthogonal complement relative to the

standard Eulidean inner product (,) in H = R*. We thus have the direct-sum
decomposition (cf. also Problem 26 in §9):

(4.8) H=Ro1",

which, for any given quaternion z, will be written as

(4.9) z = Rex + Puz, Rex € R, Puz € 1.
Then, for all quaternions z,y,

(4.10) Rez = Rex, Puz = —Pux,

(4.11) 27 = |z|* € R ¢ H,

and, consequently (since a symmetric bilinear form is determined by its quadratic
function),

(4.12) (z,y) = Reay = ReTy.
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(Here || is the Euclidean norm with |z|*> = (z,2).) In view of (4.11), H is an
associative, noncommutative field, that is, every = € H\{0} has a multiplicative
inverse 7! with zz~! = 7'z = 1. Namely,

T
413 -1 _ _
Also, the norm | | is multiplicative in the sense that
(4.14) lzyl = lal - ly]

for all x,y € H. See Problem 12 in §4.

EXAMPLE 4.7. For a finite-dimensional real vector space V, the set GL1 (V)
of all linear isomorphisms A : V — V with det A > 0 is a Lie group of class C“.
In fact, it is an open subgroup of GL(V) (cf. Problem 2 in §4). In particular, we
have the C* Lie group GLT(n,R) = GLT(R") of all real n x n matrices with
positive determinants.

EXAMPLE 4.8. The multiplicative group H\ {0} of all nonzero quaternions is a
C“ Lie group, namely, as the set of all invertible elements of the quaternion algebra
H. (See Example 4.2.)

It turns out that the spheres S°, S! and S are the underlying manifolds
of Lie groups. Before discussing those examples, let us observe that, instead the
atlas of stereographic projections on the unit sphere S(V') in a Euclidean space
V' (see §2), it is sometimes more convenient to use the projective atlas, described
below. (Both atlases are contained in the same maximal C* atlas, since transitions
between them are given by simple algebraic formulas.) Specifically, the projective
atlas A is the set of all projective charts (U,,@,), indexed by v € S(V) and given
by U, ={z e S(V): (v,z) >0}, with &, : U, — A_, given by

(4.15) Bolz) = 3/(v,3)
Here, as in §2, A_, is the affine space vt + v, ie., A, = {y € V : (y,v) = 1}.
Then,

(4.16) [2o] ' () = w/lyl-
ExXAMPLE 4.9. Let
(4.17) S"={xeK:|z|=1}

be the multiplicative group (cf. (4.14)) of the unit elements of the algebra K of
real numbers (K = R, n = 0), complex numbers (K = C, n = 1), or quaternions
(K = H, n = 3). Each of the spheres S°, S! and S® thus becomes a C“ Lie
group (which is obvious from (4.15) and (4.16) along with bilinearity of the algebra
multiplication). The 2-element group S° = {1, —1} is also denoted by Z,.

Problems
1. Show that, in the definition of a Lie group of class C?, the requirement that the
multiplication and inverse be both C?, is equivalent to the condition

(4.18) G x G 3 (a,b) —ab~' € G is of class C°.

2. Show that any open subgroup of a C*° Lie group, with the open-submanifold
structure, is a Lie group of class C*.
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3. Verify that the direct product G x H of two C® Lie groups G and H, with the
product-manifold structure, is a C* Lie group.

4. Prove the assertion in Example 4.2 above. In particular, show that G is open
in A. (Hint below.)

5. Verify the claims made in Examples 4.3 — 4.6 above.

6. For V as in Example 4.3, show that the determinant mapping

(4.19) det : GL(V) — K\ {0},

where K is the scalar field, is a real-analytic homomorphism of Lie groups.

7. For A and G as in Example 4.2, verify that the formula (ada)z = aza™
defines a Lie-group homomorphism ad : G — GL (A) of class C¥.

8. Let T : V — W be a linear operator between finite-dimensional vector spaces
V,W. Verify that T is injective (surjective) if and only if there exists a linear
mapping 7" : W — V with T'T = Idy (or, respectively, TT' = Id w).

9. Given a group G with the multiplication written as in (4.1), let G’ be the same
set with the new “reverse-order” multiplication given by (z,y) — yx. Show that
G’ is a group isomorphic to G. Verify the analogous statement for Lie groups.
(See also Problem 1 in §12.)

10. Verify that, for any ¢ € R and ¢ € C, the assignments

1

tes |t t > signt =t/|t|, t s e
t s ettt z |2/, z = z/|2], z e
are C* Lie-group homomorphisms
R\ {0} — (0,00), R\{0} > Zy ={1,-1}, R — (0,00),
R—S', C\{0}—(0,0), C\{0}—>S', C—C\{0},

(0,00) being the multiplicative group of positive real numbers.

11. Find C* Lie-group isomorphisms S™ x (0,00) — K\{0}, where K = R and
n=0,or K=C and n=1,or K=H and n = 3.

12. Obtain (4.14) as a direct consequence of (4.11) and (4.6).

13. Show that quaternionic square roots of unity are precisely the pure quarternions
of norm 1, that is,

(4.20) SNl ={recH:2?=-1}.

14. The center of a group G is the set of all @ € G which commute with every

element of G. Verify that the center of G is a normal subgroup of G.

15. Show that the centers of the Lie groups H\{0} and S% are R\{0} and, re-

spectively, Zo = {1,—1}.

16. Let p,q be quaternions such that, for each quaternion z, pr = xq. Show that
then p=q € R.

Hint. In Problem 4, first note that the matrix inverse 91 — 91! is a real-analytic

mapping GL(n,K) - GL(n,K) (with K = R or K = C), since the entries of

9! are rational functions of those of 9. For V as in Example 4.3, this implies

real-analyticity of GL(V) 3> F+ F~! € GL(V) (use an isomorphism between V

and K™.)

Now let A be as in Example 4.2. The linear operator P : A — gl(A) given
by (Pa)b = ab is injective as (Pa)l = a (where A is treated as a real vector
space), and so (Problem 8) we may choose a linear operator @ : gl (A4) — A with
QP =1 (the identity mapping of A). Also, P(ab) = (Pa)(Pb) and P1 =1 (that
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is, P is an algebra homomorphism). Thus, a € G if and only if Pa € GL(A) and
then P(a™!) = (Pa)~!. (In fact, if Pa € GL(A), the element b= (Pa)~'1 is the
inverse of a in A. Namely, we have ba = 1, so P(ab) = (Pa)(Pb) = (Pb)(Pa) =1
and hence ab = 1; in other words, a one-sided inverse of an element in .4 must be
a two-sided inverse, since the same is true in GL (A).)

Thus, G is open in A, as it is the P-preimage of GL (A) (which in turn is
open, being the det-preimage of K\{0}).

Finally, the mapping G 3 a — a~! € G is real-analytic since it is the composite
in which the restriction P : G — GL (A) is followed first by GL(A) > F+ F~! ¢
GL(A) and then by @ : GL(A) — A (both P,Q being here linear operators
restricted to open subsets.)

On the other hand, real-analyticity of the multiplication of G in Example 4.2
is a trivial consequence of its bilinearity.



CHAPTER 2

Tangent Vectors

5. Tangent and cotangent vectors

Topics: Index notation; partial derivatives; chain rule and group property; curves and tangen-
tiality; tangent vectors; velocity; vector components; transformation rule; tangent vector space;
tangent spaces in vector and affine spaces; directional derivative; germs; components of map-
pings; differentials of differentiable mappings; chain rule for differentials; tangent spaces for open
submanifolds; cotangent spaces and vectors; differentials of C' 1 functions; bases of tangent and
cotangent spaces naturally distinguished by a given coordinate system; invariance of the dimension

under diffeomorphisms.

All manifolds studied from now on are of class C” with r» > 1. Thus, we exclude
C° manifolds, also known as topological manifolds, and restrict our discussion to
manifolds that are C"-differentiable, 1 < r < oo, or real-analytic.

Coordinate systems (U, ) in a given manifold M will often be written as
xt, ... 2" (or, briefly, x7), where n = dimM and the 27 : U — R are the
components of ¢ : U — R", i.e., ¢(y) = (z!(y),...,2"(y)) (and U is presumed to
be known from the context, or irrelevant). Another coordinate system (U’,¢’) in
M then may be written as xl/, . ,ac", (or, briefly, a:j/), with the same basis letter
x and a different range of indices. The index sets {1,...,n} and {1’,...,n'} are
just two disjoint sets with dim M elements and each of them, formally, may be
thought of as the Cartesian product of the set of the first dim M positive integers
with the one-element set {(U, ¢)} or, respectively, {(U’,¢’)}. Different manifolds
may be distinguished by using different alphabet ranges to label coordinates: j
(and k,l,...)in M, a (and B,7,...)in N, etc.

Another part of the index notation consists of the following conventions:

a. In each term (“monomial”) forming a given expression, any index may ap-
pear at most twice.

b. If an index appears once in one term, then it must appear once in every other
term of the given expression, always in the same position (up or down).

c. If an index appears twice in one term, then it must appear once as a subscript
and once as a superscript, and the term is to be summed over that index.

Given coordinates x’ in a manifold M, corresponding to a coordinate system
(U, ), and a C! function f:U — R, we define the (continuous) partial derivatives
0;f:U—R by

O(fopt
(5.1) ajf:%w.

For two coordinate systems (U, ) and (U’, '), this leads to the functions
(5.2) pjl — 9;27 . UNU = R.

17
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Functions of this type appear in the chain rule
(5.3) ;0 =pl 05,

which means that 9/ f = p;,ajf for any C! function f:UNU’ — R. Also, when
three coordinate systems are involved,

(5.4) vl = vl
in the intersection of all three coordinate domains (this is known as the group
property). In particular,

(5.5) O
0, ifj#£k

(the Kronecker delta), so that p‘}/péﬂ = 5;?,
[p;,(y)] is the inverse of [p;/(y)] rather than its transpose).

Let y be a fixed point in a C" manifold M (r > 1). Denote by G, the set of all
pairs (v,t) such that v: I, = M isa C! curvein M defined on an interval I, and
t € I, with y(t) = y. For (,1), (6,8) € Gy, write (7,t) ~ (d,s) if 9(t) = §7(s)
for some coordinates z? at y (that is, a coordinate system whose domain contains
y) and each j =1,...,n = dim M ; the dot stands for the derivative. Since

(5.6) () = pl (y) 4 (1)

(by the ordinary chain rule), the word some can be replaced with any, and ~ is
an equivalence relation. The set

(5.7) T,M =G,/ ~

of all equivalence classes of ~ is called the tangent space of M at Y, and its
elements are referred to as the tangent vectors. The ~ equivalence class of any
(v,t) € Gy is denoted by (t) or 4;, and called the velocity of the curve ~ at the
parameter value (“time”) ¢.

(i.e., at each y € UNU’, the matrix

Fig. 4. Tangent vectors as equivalence classes of curves

Any fixed coordinates x7 at y lead to the one-to-one surjective mapping
T,M — R™ written as v — (v',...,v™) and characterized by

(5.8) v = 49(t) whenever v =5().

The numbers v’ are called the components of the vector v € T, M relative to the
coordinates z’. In view of (5.6), they satisfy the transformation rule

(5.9) v =plv
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where pg/ stands for pj,(y) Consequently, T,M carries a unique structure of a
vector space such that for some (or any) coordinates x7 at y, the mapping

(5.10) T,M>v  (v',...,0") € R"
is an isomorphism. In particular,
(5.11) dimTyM = dim M

ExXAMPLE 5.1. For a real vector space V with dimV = n < oo, treated as
a manifold (§1) and any w € V, there is a canonical isomorphic identification
T,V = V obtained by sending each v = 4(¢t) € T,V to the ordinary derivative
(velocity) vector
d — (¢
(5.12) As) =)

il = 1
ds 7(s) =0 oot st

(often denoted by 4(t) as well). Note that any basis e; of V' leads to the linear
coordinate system z7 consisting of the linear homogeneous functions 27 : V — R
which form a basis of the dual space V* dual to the basis e; in the sense that
v (ex) = 5%. The element of V' associated under the above identification with
v =4(t) € T,V then is v ej, which provides a description of our identification
in terms of linear coordinate systems and components (rather than curves and
velocities). Since both descriptions coincide, we conclude that the identification is
really independent of the choice of v and t, as well as the choice of the 7.

EXAMPLE 5.2. Similarly, for a finite-dimensional real affine space (M,V,+),
regarded as a manifold (§1) and any = € M, we have a natural isomorphic identi-
fication T, M = V. See Problem 7.

Given a manifold M, a point y € M, a tangent vector v € T,M, and a C*
function f: U — R on a neighborhood U of y, we define the directional derivative
of f in the direction of v to be the real number, denoted by d,f (or, sometimes,
vf), and given by

(5.13) dywyf = (for)(t)

for any (v,t) € G, with v = 4(t), where the dot on the right-hand side represents
the ordinary differentiation of real-valued functions of a real variable. From the
ordinary chain rule,

(514) d'uf = Ujajf7

and so d,f is well-defined (independent of =), and linear in v. To discuss its
dependence on f, let us call two C'! functions defined on neighborhoods of y
equivalent (or, C'-equivalent) at y, if they coincide on some (possibly smaller)
neighborhood of y. The equivalence classes of this relation are known as germs of
C! functions at y, and they form a vector space .7-'15 (with the obvious operations
applied to functions). The directional derivative d,f now depends only on v and
the C! germ of f, and constitutes a bilinear mapping T, M x ]-'; — R.

Let F: M — N be a mapping between manifolds. Any local coordinates y®
in N then give rise to the component functions F® of F, which are real-valued
functions on the F-preimage of the domain of the y®, given by

(5.15) F* = y*o F.
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Given manifolds M, N, a C! mapping F : M — N, and a point z € M, we define
the differential of F' at z to be the mapping dF, : T,M — Tp(,)N with

(5.16) dF,v = (Fo7y)'(¢)

whenever v = #4(t) € T, M. In coordinates x7, y® at z and F(z), respectively, we
thus have

(5.17) (dF.v)* = v/ (0;F*)(z),

and hence dF,v is well-defined (independent of ) for the same reasons as in
Example 5.1 above. Furthermore, (5.17) shows that dF, is linear.
As an immediate consequence of (5.16) we have the chain rule

(5.18) d(GoF), = dGpz)yodF; .
for C* mappings F: M — N, G : N — P between manifolds and any x € M.

ExaMPLE 5.3. The tangent space T,U to an open submanifold U of a mani-
fold M at any point © € M can be naturally identified with T, M, as the differen-
tial dF; of the inclusion mapping F': U — M is an isomorphism. (See Problem 1.)
Thus, we will usually write T, U =T, M.

The cotangent space T,; M of a manifold M at a point y € M is, by definition,
the dual of the tangent space T, M, i.e., the vector space of all linear homogeneous
functions ¢ : TyM — R. Elements § of TyM are called cotangent vectors, or
dual vectors, or covariant vectors, or 1-forms at y. Every real-valued C! function
J defined in a neighborhood of y gives rise to the cotangent vector df, € T; M,
called the differential of f at y and characterized by

(5.19) dfyv = dof.

(There is no conflict between this terminology and notation, and the case of differ-
entials for mappings between arbitrary manifolds; see Problem 2 in §5.)

A fixed coordinate system 27 at a point y in manifold M gives rise to the
tangent vectors p; = p;(y) € T,M, j =1,...,n, n = dim M, characterized by
their components relative to the coordinates 7:

k _ sk

(5.20) p; = 9;
(the Kronecker delta). The p; are called the coordinate vectors at y corresponing
to the coordinates 7. Obviously, they form a basis of T, M, namely, the preimage
under the isomorphism (5.10) of the standard basis of R™. For any tangent vector
v € T, M we then have (see Problem 4)
(5.21) v =vp;.

We define the components of a cotangent vector § € T,y M relative to any fixed
coordinate system 7 at the point y in the manifold M to be the numbers

(5.22) & = &(py)

with p; = p;(y) € T,M defined as in (5.20). Thus, for instance, any C' function
f defined in a neighborhood of y satisfies

(5.23) df); = 0;f

in the sense that (dfy); = (0;f)(y), while for any £ € Ty M and any v € T, M we
have

(5.24) E(v) = &7
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Furthermore, the components &; of a fixed cotangent vector £ € T;y M obey the
transformation rule

(5.25) & =Dl

under coordinate changes at y. Finally, denoting by dz/ the differentials of the
coordinate functions at any point x of the coordinate domain, we easily see that
the da’ form a basis of T;'M ; in fact, it is the dual basis for the basis p; = p;(z)
in T, M, that is,

(5.26) (dz?) (pr) = 7.
Every £ € Tx M then can be expanded as

(5.27) €= ¢&dat.
Problems

1. Show that dF, : T,U — T, M in Example 5.3 is an isomorphism. (Hint below.)

2. For a C! function f: M — R on a manifold M, treated as a mapping between
the manifolds M and R, a point z € M and a vector v € T, M, show that
dfzv = d, f under the canonical identification T, R = R (Example 5.1).

3. Given a manifold M, a point y € M, a vector v € T, M, and coordinates x’ at
y, verify that v/ = d,x7.

4. Given coordinates 27 at a point y in manifold M, define the vectors p; =
pi(y) € ToM by (5.20). Verify that
(a) Relation (5.21) holds for each v € T, M.

(b) The directional derivative d,, f of any C! function f defined near y co-
incides with the partial derivative (9;f)(y).

(¢) There is no clash between the notations used in (5.2) and (5.8), i.e., the
components of v = p; relative to any coordinate system 21" at Yy are
p?l = 8jxj/.

5. Prove (5.23) — (5.27).

6. An affine coordinate system in an n-dimensional affine space (M,V,+), with
n < oo, consists of an origin o € M and a basis e; of V, j = 1,... n.
The corresponding affine coordinates z7 : M — R then are characterized by
M >z — 27 with = 0+ 27¢;. Verify that the coordinate functions z’ then
are affine mappings (functions) M — R, and that their linear parts 7 form
the basis of the dual space V* dual to the basis e; of V.

7. Proceeding as in Example 5.1 above (with affine coordinates introduced in Prob-
lem 6, rather than linear ones), describe the identification in Example 5.2 and
show that it is well-defined.

8. Show that dF, = F for any linear operator F : V — W between finite-di-
mensional real vector spaces V, W and any x € V, with the identifications
T,V =V, TyW =W described in Example 5.1.

9. Verify that dF, = ¢ for any affine mapping F : M — N between finite-di-
mensional real affine spaces M, N (§69 in Appendix A) and any x € M, where
1 : V. — W is the linear part of F', while V, W denote the translation vector
spaces of M, N, and T, M =V, TyN =W as in Example 5.2.

10. Verify that the dimension is a diffeomorphic invariant, that is, dim N = dim M
whenever the C! manifolds M, N are C'-diffeomorphic. (Hint below.)



22 2. TANGENT VECTORS

11. For a C* manifold M and a point = € M, let T, be the vector space of all
derivations of germs of C*° functions at =z, i.e., linear operators A : F2° - R
(notation as in the paragraph following (5.14)) such that A(fh) = (Af)-h(x)+
f(x)-Ah for any (germs of) C*° functions f,h defined near x. Verify that

1. Af =0 if A€ 7T, and f is constant near x.

2. d, € T, for each v e T,M.

3. The mapping T, M 3> v — d, € T, is linear and injective.

Hint. In Problem 1, use local coordinates x’/ at x in U, treating them simultane-
ously as local coordinates 27 at x in M, and note that, for v € T,U, (dF,v)’ = v7.
Hint. In Problem 10, let F : M — N be a C! diffeomorphism. Applying the
chain rule (5.18) to P = M and G = F~!, with any fixed x € M, we see that
dF, then is an isomorphism T, M — TpN (and (dF,)~1 = dG p(z)). Hence
dim N = dim M by (5.11).

6. Vector fields

Topics: Tangent vector fields on manifolds; directional derivatives along vector fields; the Lie
bracket; Lie bracket as a commutator of differentiations; projectable vector fields; projectability
of Lie brackets.

Let U be an open subset of a C" manifold M, 1 <r < w. By a vector field
w in M defined on U we mean a mapping assigning to each x € U a vector w(z)
(sometimes written as w,) tangent to M at z, i.e.,

(6.1) Usz— w) =w, € T,M.

Without specifying U (the domain of w) we will simply refer to w as a local vector
field in M. When U = M, such w will be called a global vector field, or a vector
field on M.

Given a local vector field w in M, any local coordinate system z7 in M gives
rise to the component functions w’ of w relative to the 27, which are the real-val-
ued functions on the intersection of the domain of w and the coordinate domain,
characterized by

(6.2) w!(z) = [w(@)).
Under a change of coordinates, we then have, with pj:/ = 3ja:j, (85)
(6.3) wl' = p?le.

Let V' be any fixed finite-dimensional real or complex vector space. A local vector
field w defined on an open subset U of a manifold M then leads to the corre-
sponding directional derivative operator d,, assigning to each V-valued C' function
f:U" =V (where U’ is any open subset of U) the function d,, f: U’ — V given
by (dwf)(®) = dy)f (see §5; the generalization of (5.13), (5.14) to V-valued C*
functions f is straightforward). Thus,

(6.4) dof = w0;f.

for C! functions f. In particular, the component functions w’ of w relative to
any local coordinates x7 in M can be expressed as

(6.5) w = dya?
By (6.5), a vector field w is uniquely determined by the operator d,,.



6. VECTOR FIELDS 23

We say that a vector field w on an open subset U of a C" manifold M is
of class C', 1 =0,1,2,...,7 — 1, if so are its component functions w’ in all local
coordinates x7 for M. (We use the conventions that co —1 =00 and w—1= w.)
This is a local geometric property, in view of (6.3) and the fact that p? ‘= 0ja7 " are
of class C"~!. Furthermore, vector fields of class C* on a fixed open subset U of a
manifold M admit the natural pointwise operations of addition and multiplication
by real scalars ¢, with (v+w)(z) = v(z) + w(z) and (cw)(z) = cw(x); thus, they
form a real vector space. More generally, such vector fields can be multiplied by
functions f:U — R so that (fw)(x) = f(z)w(z) and then fw is of class C! if
so are f and w.

Let M now be a C" manifold with r > 2. Given two vector fields v,w of
class C', 1 <1< r—1, on an open subset U of M, we define their Lie bracket to
be the C'~1 vector field [v,w] on U with

(6.6) [v,w) = dyw? — dyv7,
i.e., having the component functions
(6.7) [v,w = VPOt — wropv?

relative to any local coordinates 7/ in M. That this definition is correct, i.e., [v,w]
does not depend on the coordinates used, follows from the the transformation rule
(6.3), which the [v,w]’ satisfy whenever so do the v? and w?. In fact, by (6.3)
we hay/e [v, w)’ = dej'/, — dyv? = dy (p? wi) - dw(?j vl) = pj (djjwj — dyv?) +
wid,p) — vidyp! = p) [v,w] + vwi (Okp] — O;pi ), while dpp] = Opdja7 =
d;p]. due to symmetry properties of second-order partial derivatives. (See also
Problem 3.)

A coordinate-free description of the Lie bracket operation [,] can easily be
obtained using directional derivative operators. Specifically, for C! vector fields
v,w on U C M as above and any vector-valued C? function f on an open subset

of U, (6.4) yields d,d,,f = (v*0,w?)d; f + v*wId;0; f, and so
(68) d[v,w] = dydy — dydy

since, as before, 0,0;f = 0;0f.

Let F: M — N be a C! mapping between manifolds. Vector fields w on M
and v on N are called F-related if dF,(w(z)) = v(F(z)) for each z € M. We
then also write

(6.9) (dF)w = v on F(M).

Note that in general, when F' is fixed, such a v (or w) need not exist or be unique
for a given w or v (see Problem 9); if v does exist, and v,w are both of class
C1, one says that w is F-projectable. The local-coordinate expression of (6.9) is

(6.10) w9;F* = v F

in arbitrary local coordinates =7 in M and 3 in N.

Furthermore, if F' happens to be a C" diffeomorphism between the C” man-
ifolds M, N and w is any given vector field on M, then there obviously exists a
unique vector field v on N with (6.9). That unique v, called the push-forward of
w under the diffeomorphism F, is denoted by (dF)w or simply Fw. Note that,
by (6.10), (dF)w is of class C' (0 <1 <r — 1) whenever so is w.
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THEOREM 6.1. Suppose that F : M — N is a C? mapping between manifolds
and w,w are C* vector fields on M that are F-projectable, with (dF)w = v on

F(M) and (dF)w =v on F(M) for some C' vector fields v,v on N. Then the
Lie bracket [w,w] is F-projectable, with

(dF)lw,@] = [v,7] on F(M).

In fact, 0,0;F“ = 0;0, F*, and so differentiation by parts, the chain rule, (6.8)
and (6.10) give [w, w)10; F* = wk(0,w?)0; F* —w* (Opw?)0; F* = wk Oy (w7 0; F) —
@kak(wjﬁjFa) + w’“@j(ak@jF“ — 8j8kFO‘) = w’“é)k(ﬁa o F) — @kak(vo‘ o F) =
(w04 FP)[(957%)0 Fl— (@0 ) (950°)o F] = (1P F)[(055)oF|— (1% F)[(950°)o
F] = [v,0]% o F, as required.

Problems
1. First-order Taylor approzimation. Given coordinates z7 at a point y in a C”
manifold M, r > 1, show that there exists a neighborhood U of y contained in
the coordinate domain such that every C! function f:U — R, [ =1,2,...,r,
can be written as
f=1F@)+ @ —y)hy
where y7 = 27 (y) are the components of y and h; : U — R are C'~! functions
(depending on f) with h;(y) = (9;f)(y). (Hint below.)
2. Let the 7 be coordinates at a point y in a C'*° manifold M. Prove that
(a) Af =0 whenever A € 7, (notation as in Problem 11 of §5) and f is a
(germ of) a C* function defined near x, and constant in a neighborhood
of x.
(b) Af = (Az7)0;f(y) if A€ T, and f is a (germ of) a C* function defined
near x.
(¢) the linear operator T,M > v — d, € T, is an isomorphism. (Thus, 7,
may serve as an alternative description of T, M.) (Hint below.)
3. Verify that

do(f+f) =duf+duf's  du(ff)=(duf)f' + fduf’

whenever U is an open subset of a C! manifold M, w is a vector field on U,
and f, f’ are C! functions U — R.

4. Denoting by F°° the ring of all C'*° functions F : M — R on a given C
manifold M, prove that the assignment w +— d,, is a linear isomorphism between
the vector space of all C* vector fields on M and the space of all real-linear
operators B : F* — F satisfying the Leibniz rule

B(ff)= (BN +[Bf

for all f, f/ € F°°. (Hint below.)
5. Show that the Lie bracket operation [,] is skew-symmetric: [u,v] = —[v,u],
and satisfies the Jacobi identity

(6.11) [[u, v, w] + [[v,w],u] + [[w, ], 0] =0

for any C? vector fields u,v,w on a given C® manifold M.
6. Verify that [fv, hw] = fhlv, w]+ f(dyh)w—h(d, f)v for C* differentiable vector
fields v,w and C' functions f,h on a C? manifold M.
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7. Let r > 2. We say that two local C' vector fields w,u defined on the same
open set U in a C" manifold M commute if their Lie bracket [w,u] is zero at
every point of U. Verify that, with n = dim M,

(a) For any local coordinates 27/ in M and any k,l € {1,...,n}, the coordinate
vector field p, commutes with p;.

(b) For every y € M there exist C"~! vector fields w,u defined near y that
are not of the form w = p, and u = p; for any local coordinates z’ at y
in M and any k,l € {1,...,n}.

8. A subset K of a manifold M is said to be dense in M if every point of M is
the limit of a sequence of points in K. Show that a subset K of a manifold M
is dense in M if and only if it intersects every nonempty open set in M.

9. Let Cl-differentiable vector fields w and v on C? manifolds M and N be
F-related for a C? mapping F : M — N, so that (dF)w =v on F(M). Verify
that

(a) v is unique for a given w, if the image F(M) is dense in N (Problem 8);
(b) w is uniquely determined by v if, at each point = € M, the differential
dFy, : TyM — Tp)N is injective.

10. Let U be an open subset of a finite-dimensional real vector space V. A C!

vector field w on U then may be identified with a C! mapping U — V,

namely U >z — v(z) € V =T,V = T,U. Show that, under this identification,

the Lie bracket of C! vector fields v,w on U is given by [v,w] = dyw — dy,v

(notation as in (6.4)), i.e., [v,w](z) = (dw)v — (dv),w for all x € U.

11. Let V be a finite-dimensional real or complex vector space. A vector field v on

V' is called linear if it has the form v(z) = Fx € V =T,V for a linear operator

F:V — V. (We then write v = F'.) Verify that v then is C°-differentiable.

Show that for any two linear vector fields v = F, v/ = F’ on V, the Lie bracket

[v,v'] is also linear, with [v,v'] = F'F — FF’.  (Hint below.)

12. Let F : V — W be a linear operator between finite-dimensional real or complex

vector spaces. Find an algebraic condition necessary and sufficient for a given

linear vector field v on V to be F-projectable.

Hint. In Problem 1, use the coordinates to identify a neighborhood of x with
an open set in R", n = dim M, then choose U that is convex and note that
F@) = f) = Jy f(y+t—y))dt for any z € U.

Hint. In Problem 2, apply A to the equality in Problem 1. Then use Problem 4
in §5.

Hint. In Problem 4, let B be linear and satisfy the Leibniz rule. Then, for any
f € F®° with f = 0 in a neighborhood U of a given point & € M, we have
(Bf)(x) = 0,as f = (1 —¢)f, where ¢ is chosen as in Problem 19 below for
K = M\U. Therefore, for f € F*° and x € M, the number (Bf)(x) depends
only on the germ of f at x. Since every germ at z is obtained from some f € F*°
(Problem 20 below), our B defines an assignment M 3 z — B, € T, (notation of
Problem 11 in §5), and we may use Problem 2(c).

Hint. In Problem 11, use Problem 10 of this section and Problem 8 in §5.

7. Lie algebras

Topics: Lie algebras; homomorphisms; examples.
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A real/complex Lie algebra is a real/complex vector space g with a fixed bi-
linear mapping
gxg3 (u,v) = [u,0] €,
called the multiplication or bracket, which is skew-symmetric ([u, v] = —[v, u] when-
ever u,v € g) and satisfies the Jacobi identity: for all u,v,w € g,
(7.1) [[u, v], w] + [[v, w], u] + [[w,u],v] = 0.

By a Lie subalgebra of g we then mean any vector subspace h of g which is

closed under the multiplication [, ]. The restriction of [,] to b then makes b
into a Lie algebra. Given Lie algebras g and g¢’, a homomorphism ® : g — ¢
is a linear mapping with ®[u,v] = [®u, Pv] for all u,v € g. Composites of Lie-

algebra homomorphisms are Lie-algebra homomorphisms, and so are the identity
g — g and the zero mapping g — g’. We call a Lie-algebra homomorphism & an
isomorphism if, in addition, it is one-to-one and onto; the inverse ®~! then is an
isomorphism as well. Two Lie algebras g and g’ are said to be isomorphic if there
exists an isomorphism between them.

A Lie algebra is called Abelian if its multiplication is identically zero. Any
linear operator between Abelian Lie algebras is a Lie-algebra homomorphism.

EXAMPLE 7.1. Any real/complex vector space V', with the trivial (zero) mul-
tiplication, is an Abelian Lie algebra.

ExAMPLE 7.2. Let A be a real or complex associative algebra, with the multi-
plication operation denoted by (a,b) — ab. The bracket given by the commutator

[a,b] = ab — ba
then turns A into a Lie algebra, also denoted by A.

ExXAMPLE 7.3. As a special case of Example 7.2, every real or complex vector
space V gives rise to the Lie algebra gl(V) of all linear operators A : V — V
with the commutator bracket

[A,B] = AB — BA,

AB being the composite of the mappings A and B. For V = K" (with K=R
or K = C) we may regard the Lie algebra gl(V) = gl(n,K) as consisting of all
real (complex) n xn matrices, with the commutator bracket induced by the matrix
multiplication.

EXAMPLE 7.4. Given an open subset U of a C" manifold M with r = oo or
r = w, the set g of all C” vector fields in M defined on U is a real Lie algebra
with the obvious (pointwise) vector space structure and the multiplication provided
by the Lie bracket. (See Problem 5 in §6.)

EXAMPLE 7.5. Suppose that B is a real or complex algebra. (Its multiplication,
denoted by (u,v) — wv, is assumed to be just bilinear, and does not have to be
associative or satisfy the Jacobi identity.) The Lie algebra gl (B) then contains a
naturally distingushed Lie subalgebra D(B) formed by all derivations of B, that
is, linear operators A : B — B suth that A(uv) = (Au)v + u(Av) for all w,v € B.

EXAMPLE 7.6. When B in Example 7.5 is the algebra F>° of all C*° functions
F: M — R on agiven C* manifold M, the assignment w — d,, is a Lie algebra
isomorphism between the Lie algebra g of all C'*® vector fields on M and D(F°).
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Given a Lie algebra g and a real/complex vector space V, by a real/complex
representation of g in V we mean any Lie-algebra homomorphism g — gl(V).
The representation is called finite-dimensional if so is V.

EXAMPLE 7.7. The adjoint representation of any given Lie algebra g is the
Lie-algebra homomorphism Ad : g — D(g) given by (Adu)v = [u, v].

Bu an ideal in a real/complex Lie algebra g we mean any vector subspace
h C g with [g,h] C b (that is, [u,v] € h whenever u € g and v € ). It follows
that bh then is a Lie subalgebra of g. Obvious examples of ideals are provided by
the kernels h = Ker h of Lie-algebra homomorphisms h: g — g'.

Problems

1. Verify the statements in Examples 7.2, 7.5, 7.6 and 7.7. (Hint below.)

2. Let V be a finite-dimensional real or complex vector space. Show that the trace
function Trace : gl(V) — K is a Lie-algebra homomorphism of gl(V) into the
scalar field K treated as an Abelian Lie algebra.

3. Given a finite-dimensional real or complex vector space V, verify that the set
s[(V) of all linear operators A : V — V with Trace A = 0 is an ideal, and
hence also a Lie subalgebra, of gl(V).

4. Let V be a finite-dimensional real vector space endowed with a fixed (positive-
definite) inner product (,). Prove that the space so(V) of all linear operators
AV — V which are skew-adjoint in the sense that (Au,v) + (u, Av) =0 for
all u,v € V, is a Lie subalgebra of sl[(V).

Hint. In Problem 1, use (6.8) and Problem 4 in §6 for Example 7.6, and (7.1) for
Example 7.7.

8. The Lie algebra of a Lie group

Topics: The Lie algebra of left-invariant vector fields on a Lie group; projectability of left-
invariant fields under Lie-group homomorphisms; the Lie-algebra homomorphism induced by a

Lie-group homomorphism; a regularity theorem for Lie-group homomorphisms.

Given a group G and a € G, the mappings L,, R, : G — G of the left and
right translations by a, defined by
(8.1) Lo(z) = ax, R.(z) = za

are bijections (with the inverses L,-1, R,-1). If, moreover, G is a Lie group of
class C*°, both L, and R, are C? diffeomorphisms. For any C?® Lie group G,
1<s< w,and any z,a € G and v € T, G, we will use the notation

av € TazG; va € TmaG
for the following vectors (see also Problems 1 — 6):
(8.2) av = (dLy)zv, va = (dRg)v .

A vector field w on a Lie group G of class C® (s > 1) is called left-invariant if
(dLy)w = w for each w € G (notation of (6.7)), that is, w is pushed-forward onto
itself by each left-translation diffeomorphism. We then denote by g the real vector
space of all left-invariant vector fields on G. Consequently, w € g if and only if

(8.3) AWy = Weay for all a,z € G,
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(where w, = w(x)), which, by (8.7) below, is equivalent to
(8.4) w(z) = v for all z € G, with v =w(1) € ThG.

On the other hand, for any fixed v € T1G, formula (8.4) defines a unique vector
field w € g with w(1) = v. More generally, for any a € G, the evaluation mapping

(8.5) go>w— w()eT,G

is an isomorphism of real vector spaces. From now on we will often use (8.5) with
a = 1 to identify g with the tangent space T1G at the identity (unit element)
1 € G. Thus, whenever convenient, we will just write

Every left-invariant vector field w € g is automatically of class C*~! (if G is of
class C*®). In fact, choosing any local coordinates 27 at a fixed z € G and y® at
1 € G, we have, for = near z and y near 1,

(zy)! = (2, ..., 2™ by,
where n = dim G and the @’ are some C*® functions of 2n real variables. Now
(8.4) becomes
0PI
oy~
(where u stands for 1 € G, to replace the awkward sumbols 1% by u®); hence the
w? are functions of class C*~1.

In the case where G is a Lie group of class C° with s > 3, the space g
is closed under the Lie bracket operation [,] (in view of Theorem 6.1), and [,]
restricted to g satisfies the Jacobi identity (Problem 5 in §6). Therefore, g with
the multiplication [,] forms a Lie algebra, called the Lie algebra of the Lie group
G. Under the identification (8.6), the Lie algebra of G may be thought of as the
tangent space 171G of G at the identity, with the bracket multiplication in T7G
(also denoted by [,]) which assigns to u,v € T1G the value w(1) = [u,v] at 1 of
the Lie bracket w of the unique left-invariant vector fields on G whose values at
1 are u and v.

w’(z) = v* (). z™ ot )

ExXAMPLE 8.1. For any finite-dimensional real vector space V, the underlying
additive group of V is a Lie group G =V of class C¥ (cf. Example 4.1), and its
Lie algebra g = ToV = V is Abelian. In fact, left-invariant vector fields on V'
are precisely the constant V-valued functions on V' (Problem 5) and so their Lie
brackets are all zero (Problem 10 in §6).

ExXAMPLE 8.2. Let G be the C“ Lie group of all invertible elements of a finite-
dimensional real associative algebra A with unit. The Lie algebra g of G then is
the vector space A (as g =T1G =T1 A = A) with the commutator multiplication
[a,b] = ab—ba (cf. Example 7.2). See also Problem 7 below and Problem 10 in §6.

ExXAMPLE 8.3. In particular, the Lie algebra of the C* Lie group GL(V) for
a finite-dimensional real or complex vector space V' (Example 4.3) coincides with
the Lie algebra gl(V) of all real/complex linear operators of V into itself, with
the commutator bracket (Example 7.3).

EXAMPLE 8.4. For the matrix Lie group GL(n,K) with K =R or K = C,
the Lie algebra g = gl(V) = gl(n,K) consists of all n x n matrices over K, with
the matrix commutator.
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EXAMPLE 8.5. Any group G, viewed as a discrete Lie group (dim G = 0) has
the trivial Lie algebra g = {0}.

A mapping F': G — H between groups is a homomorphism if and only if
(87) FOLI = Lp(m) oF

for all z € G. If we now apply the differentials of both sides at 1 € G to any
w € T1G and use the chain rule (5.18) and the notation of (8.2), we obtain

(8.8) dF,(zw) = [F(2)](dFiw)

whenever x € G and w € T1G.
An easy consequence of (8.8) is the following

LEMMA 8.6. Any C! homomorphism F : G — H between C° Lie groups G
and H, 1 < s < o0, is automatically of class C?.

PROOF. Choose bases w, and vy of the Lie algebras g and bh for the Lie
groups G and H, and let the constants C) be characterized by dF;(w.(1)) =
C2vA(1). In any local coordinates z? for G and y* for H, w, = wlp; and
vy = v3p, (formula (5.21)), with some C*~! component functions w?, v$. Also,
p; = Pjw, for some C*~! functions 97 on the domain U of the coordinates 27 ;in
fact, as matrices, [®}(z)] = [w}(z)]"" at any x € U (and the inverse exists, since
the w, form a basis of each tangent space). Now, for any x that is both in U and
in the F-preimage of the y® coordinate domain,

dF(p;j(z)) = dF (D5 (v)wa (7)) = & (2)dF,(wa (7)) = @ (2)dFy(zw, (1))

= 0§ (2)[F(x)]dFy (wa (1)) = 05 (2)[F(2))(Cooa(1)) = CR05 (2)[F ()] (vA(1))

= Co 05 (x)or(F(z)),
and hence

dF;(p;(x)) = CR05(x)vs (F(2))pa(F(x)),

where we have used (8.3), (8.8), as well as the definitions of the ¢ and C) and
linearity of the differentials of C! mappings. However, in view of (5.17) and (5.21),
the partial derivatives (0;F)(x) are the coefficients in the expansion of dF,(p;(x))
as a combination of the p,(F(z)). The equality just established thus reads
(8.9) F™ = Crdi(vy o F).

We can now show, by induction on ¢, that the F'“ are of class C'? for each finite
q with 1 < ¢ <r. In fact, assuming that the F'* are of class C? for a fixed ¢ < r,
we see from (8.9) that the 9;F* must be of class C? as well, and so the F* are of
class C9t1. This completes the proof. O

Another easy consequence of (8.8) is

LEMMA 8.7. Given C' Lie groups G and H, a left-invariant vector field w
on G, and a C' homomorphism F :G — H,

a. w is F-projectable.
b. There exists a unique left-invariant vector field v on H with (dF)w = v

on F(G).
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In fact, the vector field v required in (b) is, by (8.8), the unique v € b (the
Lie algebra of H) with v(1) = dFy(w(1)).

For a C? homomorphism F : G — H of Lie groups, we will denote by F, :
g — b the mapping between the corresponding Lie algebras, assigning to each
w € g the unique v described in Lemma 8.7(b). As we just observed, under the
identifications (8.6) for both G and H, Fy is nothing else than dF}, the differential
of F at 1€ G:

On the other hand, by Theorem 6.1, F, is a Lie-algebra homomorphism g — b.
Since
(8.11) (F'oF), = F.oF,

for two C? homomorphisms F : G — G’ and F' : G’ — G”, and Id, = Id, it
follows that C2-isomorphic Lie groups must have isomorphic Lie algebras.

ExXAMPLE 8.8. For finite-dimensional real vector spaces V, W, regarded as ”ad-
ditive” C¥ Lie groups G =V, H = W with the Abelian Lie algebras g = TyV =
V and h = TyW = W (Example 8.1), the continuous Lie group homomorphisms
from G to H are precisely the linear operators F' : V. — W (and so they are
automatically real-analytic). For such a homomorphism F, we then have F, = F.
See Problem 9.

EXAMPLE 8.9. Let V be a fixed finite-dimensional vector space over a field
K (with K =R or K = C). For the homomorphism det : GL(V) — K\ {0}
(Problem 6 in §4), the corresponding Lie-algebra homomorphism is
(8.12) det, = Trace: gl(V) - K

(Here the vector space K is treated as an Abelian Lie algebra.) For details, see
Problems 10 and 13.

ExXAMPLE 8.10. Every element a of any group G gives rise to the inner auto-
morphism p(a) of G, that is, the group homomorphism u(a) : G — G with
(8.13) [u(a))(z) = aza™
for all x € G. When G happens to be a Lie group of class C*, 0 < s < w, u(a)
obviously is a C*® homomorphism. Under the identification (8.7), for s > 1, the
linear isomorphism [u(a)]« = d[u(a)]; : /G — T1G is given by
(8.14) [(a)]sv = ava™
whenever v € T1G. (We use the notation avb = (av)b = a(vb), as in Problem 3

below.) Thus, in the case where s > 3, [u(a)]« is a Lie-algebra isomorphism of
g = T1G onto itself.

Problems
1. Given a Lie group G and elements a,b € G, verify that
(815) Lab = La o Lb, Rab = Rb o Ra .

2. For a C® Lie group G, 1 <7 < w, and a C* curve t — z(t) € G, show that, at
any parameter value t,

(8.16) az = (az),
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that is, alz(t)] = (az)'(t), with (az)(t) = a(x(t)).
3. Given a Lie group G of class C*®, 1 < r < w, prove that the “multiplication”
defined by 8.2) is associative and distributive in the sense that

(ab)v = a(bv), v(ab) = (va)b, (av)b = a(vb),

8.17
(8.17) alv+w) = av + aw, (v+w)a = va + wa

for all elements z,a,b € G, and vectors v,w € T,G. (Thus, we may skip the
parentheses and write abv for (ab)v or a(bv), etc.)  (Hint below.)

4. For G,x,v as in Problem 3, verify that 1v = vl = v, where 1 € G is the
identity element.

5. Given a finite-dimensional real vector space V, treated as an Abelian “additive”
Lie group G =V of class C¥ (Example 4.1), verify that the products av, va
with 8.2) both coincide with v € V =T,V =T,V.

6. Let GG be obtained as in Example 8.2. Show that the “products” av and va
defined by 8.2) for a € G C A and v € T,G = A coincide with the ordinary
products in the algebra .A.

7. For G as in Example 8.2, a left-invariant vector field w on G regarded as an
A-valued function with w(z) = zv and v € A, and a vector v € T,G = A,
verify that d,w = uv € A.

8. Prove the statement in Example 8.2 above.

9. Prove the assertion of Example 8.8. (Hint below.)

10. Prove (8.12). (Hint below.)
11. Show that

(8.18) w(ug,...,ug) =det B - w(vy,...,vg)
whenever w is a k-linear skew-symmetric mapping V x ... x V — W between
real or complex vector spaces, and vectors uj,...,ur € V are combinations

of vy,...,v; € V with the coefficient matrix B = [B?], so that u, = BPuvg,
a,f€{l,...,k}. (Hint below.)
12. Prove that
(8.19) w(Fvy,...,Fv,) = (det F) - w(vy,...,vn)
and
w(Fvy,vg...,0,) + w(vr, Fog,vs...,0) + ...+ w(vy,...,v5p—1, Foy,)
= (Trace F') - w(v1,...,v,)
whenever w is an n-linear skew-symmetric mapping V' x...xV — W between
real or complex vector spaces V,W with dimV =n < oo and vq,...,v; € V,
while F': V — V is a linear operator. (Hint below.)

13. Let t — F = F(t) € GL(V) be a C! curve of linear automorphisms of a
finite-dimensional real or complex vector space V. Prove the equality

(8.21) (det F') = (det F') Trace (F~'F)

with () = d/dt, that is, % det F(t) = [det F(t)] - Trace[(F(t))~" o F(t)] for all
t. (Hint below.)
Hint. In Problem 3, write v = #(¢) and use Problem 2.
Hint. In Problem 7, let u = &(t) with z(t) = z, so that (d,w)(z) = 4 z(t)v = uw.
Hint. In Problem 9, a group homomorphism F : V — W must satisfy F(kx) =
kF(x) for k € Z and x € V (by additivity), so, if k # 0 and = = y/k, we have

F(y/k) = F(y)/k. Thus, F is linear over the field Q of rational numbers, and

(8.20)
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its R-linearity follows from continuity. Relation F, = F' is immediate from (8.10)
and Problem 8 in §5.

Hint. In Problem 10, use (8.10) and the fact that det(Id +tA) is a polynomial in
t € R with

(8.22) det(Id +tA) = 1 4+ (Trace A)t + ...,
where ... stands for terms of order higher than one in t.
Hint. In Problem 11, note that

wW(B " ay, ., Bptve,) = BT B w(vay, -, Vay,)

= €ar..ax BT BFw(vr, ... 0k),

€ay...ap DEING the Ricci symbol (equal to the signum of the permutation (ayq, ..., ax),
if a1,...,qy are all distinct, and to 0, if they are not), while €4, o, By ... By =
det[B2].
Hint. In Problem 12, note that both sides of either equality are skew-symmetric
in v1,...,v,, and so we may assume that vy,...,v, form a basis of V. Setting

Fv, = FPvs we may now use (8.18) for k = n and B? = F?, since det F' =
det[F?] and Trace F = F2.

Hint. In Problem 13, fix a basis v, of V, aa=1,...,n = dimV, and a nonzero
n-linear skew-symmetric scalar-valued function w in V. From (8.19) and (8.20) we
get (det F) w(vi,...,v,) = [W(Fo1,...,Fv,)] =3, w(Fvi,..., Fva,...,Fv,) =
e w(Fvl,...,FF_IFUQ,...,Fvn) = (detF) -3, w(vl,...,F_vaa,...7vn)
(det F)(Trace F~'F)w(v1, . ..,v,), and we may use Problem 12.



CHAPTER 3

Immersions and Embeddings

9. The rank theorem, immersions, submanifolds

Topics: The rank of a mapping at a point; openness of the maximum-rank subset; the rank theo-
rem; submersions; immersions; embeddings; submanifolds; submanifolds with the subset topology;
continuity versus differentiability for submanifold-valued mappings; uniqueness of submanifold
structure with the subset topology; critical and regular points and values of mappings; submani-
folds defined by equations, their dimensions and tangent spaces; tangent spaces of Cartesian-prod-

uct manifolds.

For a C! mapping F : M — N between C*® manifolds, s > 1, and a point
x € M, the rank of F at z is defined by (rank F)(z) = dim [dF, (T, M)]. Thus,
rank F' is a function on M valued in the finite set {0,1,...,k}, where we have set
k = min(dim M, dim N).

Given local coordinates 7 in M and y® in N, we have (dF,v)* = v7(9;F*)(x)
for all points = in the F-preimage of the y® coordinate domain and all v € T, M
(formula (5.17)). Therefore, (rank F')(z) equals the rank of the matrix [(0; F*)(x)],
i.e., the maximum size of its nonzero subdeterminants. Consequently, rank F' is
constant in a neighborhood of each point where rank F' assumes its maximum
value, i.e., the set U C M of all such points is both nonempty and open.

The following classical result is known as the rank theorem.

THEOREM 9.1. Let F : M — N be a C° mapping between C?° manifolds,
s > 1, whose rank has a constant value

(9.1) rank F' = r

in a neighborhood of some given point z € M. Then there exist local coordinates
at z in M and y* at F(z) in N, such that, near z, the components F* = y*o F
of F are given by

(9.2) FA=24 for A<r, F*=0 for A>r.

REMARK 9.2. In other words, the rank theorem states that for any C'® mapping
F : M — N having a constant rank r near z, the composite ¢/ o Fo ™! of F
with suitable coordinate mappings defined near z and F(z) has the “standard
form”

(9.3) (... 2™) = (2',...,2",0,...,0),
where m = dim M (and the number of zeros is dim N —r).

PrROOF OF THEOREM 9.1. Let us set m =dim M, n =dim N and introduce
the following ranges for indices:

(9.4) 1<jk<m, 1<a,<n, 1<AB<r, r<ip<n.

33
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We start from arbitrary local coordinates #7 at 2z in M and y® at F(z) in N,
and modify them in three successive steps (keeping the notation z7, y® for the
new coordinates obtained after each modification).

First step. We may assume that det [04FF] # 0, i.e., a nonzero r xr subdeter-
minant sits in the left-upper corner of the n x m matrix [0;F*]. This is achieved
by suitably permuting the z7 and the y®.

Second step. We may require that F4 = z4 and F* = ¥ (z!,...,2") for some
C? functions WA of r variables. To this end, we replace 2',... 2™ by the new
coordinates F',...  F",z"t1 ... 2™ near z. That this actually is a coordinate

system (in a suitable neighborhood of z) follows from the fact that the mapping
(9.5) (). a™) s (FY . F e a™)

is a diffeomorphism of a neighborhood of (z!,...,2™) = (z!(2),...,2™(2)) in R™
onto an open set in R™, which in turn is immediate from the inverse mapping
theorem (see Appendix B) and the determinant condition obtained in step 1. In
these new coordinates, now denoted just by x7, we thus have F4 = z4. That F*
depend only on the z is clear as 8jFA =0 if j > 7 and 9gF* = §4, so that,
otherwise, the matrix [0;F“] would have a nonzero subdeterminant of size r + 1.

Third step. To achieve F4 = 24, F* = 0 we now change the coordinates
y® (ie., y* and y*) in N, replacing the y* by y* — U Ny!,...,y") with ¥*
introduced in step 2, and leaving the y* unchanged. As in step 2, the new functions
form a coordinate system in view of the inverse mapping theorem (Appendix B).
This completes the proof. O

(o3

A mapping F : M — N between C® manifolds, s > 1, is called an immersion if
it is of class C° and, at each point z € M, the differential dF, : T,M — Tp,N
is injective (or, equivalently, rank F' = dim M everywhere in M). In suitable local
coordinates, F' then has the form (9.3) with r = m, that is,

(9.6) (', ..., 2™) — (z*,...,2™,0,...,0)

with m =dim M (and with dim N —m zeros). Thus, any immersion F : M — N
is locally injective in the sense that each = € M has a neighborhood in M the
restriction of F' to which is one-to-one. By an embedding F' : M — N we mean
an immersion that is globally injective, i.e., one-to-one on the whole of M.

A submanifold of a C*® manifold M, s > 1, is a subset K of M endowed
with its own C*° manifold structure such that the inclusion mapping F : K — M,
F(z) = z, is an embedding. (In particular, F' must be of class C*.) A submanifold
K of M is said to have the subset topology if this F' is a homeomorphism of the
manifold K onto the subset K of M (§3), i.e., ; — z in the manifold K, as
[ — oo, whenever x; is a sequence in K and z € K with x; —» x in M.

LEMMA 9.3. Suppose that M, N are C*° manifolds, s > 1, K is a submanifold
of M, and F : N — M is a C' mapping, 0 < 1 < s. If F(N) ¢ K and
F: N — K is continuous as a mapping into the manifold K, then F': N — K is
Cl-differentiable.

ProOF. Fix y € N and choose local coordinates z7 in K, y* in M, both at
the point z = F(y) € K C M, in which the inclusion mapping K — M has the
form (9.6). By continuity of F : N — K, there is a neighborhood U of y in N
with F(U) contained in the domain of the z7. The components F® = y®oF of
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F are, by hypothesis, C-differentiable on U, and hence so are the FJ = z/oF as
they coincide with the first dim K of the F'®. This completes the proof. O

THEOREM 9.4. If M, N are C°® manifolds, s > 1, K 1is a submanifold of M
endowed with the subset topology, and F : N — M is a C' mapping, 0 <1 < s,
such that F(N) C K, then F: N — K is of class C!, that is, F is a C' mapping
into the manifold K.

This is clear from Lemma 9.3, since F': N — K is continuous.

COROLLARY 9.5. If a subset K of a manifold M admits a structure of a
submanifold of M having the subset topology, then such a structure is unique.

Proor. Let K', K" denote by K endowed with two such manifold structures.
Applying Theorem 9.4 to the identity mapping of K, acting in either direction
between K’ and K”, we conclude that it is a diffeomorphism between K’ and
K". This proves our assertion (see Problem 1). O

Without the assumption about the subset topology, a submanifold structure on a
subset of a manifold may fail to be unique. This is obviously illustrated by the case
of a manifold treated as its own discrete (zero-dimensional) submanifold. However,
even connectedness of a submanifold structure on a given set does not, in general,
guarantee its uniqueness (see Problem 12):

Fig. 5. Two different connected submanifold structures on a set

Whenever K is a submanifold of a manifold M, we write
(9.7) T.K C T, M,

identifying T, K, at any = € K, with its image under the differential of the inclusion
mapping K — M.

Given manifolds M, N and a C! mapping F : M — N, we say that € M
is a regular point of F' if the differential dF, : T, M — Tp)N is surjective, i.e.,
“onto” (or, equivalently, rank ' = dim V). Otherwise, € M is called a critical
point of F. Let Critp C M be the set of all critical points of F. The image
F(Critp) C N and its complement N\ F(Critp) C N are known as the sets of
critical and regular values of F'| respectively. (Thus, a ‘regular’ value is not always
a value.)

THEOREM 9.6. Suppose that M, N are C*® manifolds and F: M — N is a C*
mapping, s > 1. If y € N is a regular value of F and K = F~1(y) is nonempty,
then K is a C® submanifold of M endowed with the subset topology, of dimension

(9.8) dimK = dimM — dim N
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and, for each x € K, we have
(9.9) T.K = KerdF, Cc T,M .

ProoF. Fix z € K. Using the rank theorem, we may choose local coordinates
2/ at z in M, with some coordinate domain U, and y® at y in N, such that
F'=2' ...,F*" =2" n =dim N. The functions 2"*!,..., 2™, m = dim M, then
form an (m — n)-dimensional coordinate system in the set K, with the coordinate
domain K N U. Two such coordinate systems in K are automatically compatible
due to analogous compatibility for the maximal atlas of M, while convergence
2k — 2z in the resulting topology on K means noting else than z7(zy) — 27(2)
for all j, i.e., convergence zp — z in M (as x!,...,2" are constant along K).
The atlas on K thus obtained therefore leads to the subset topology, which is
necessarily Hausdorff. The inclusion T,K C KerdF, (which must be an equality
for dimensional reasons) follows from the definition of dF, in terms of velocities
(formula (5.16)), since Foy is constant for any curve v in K. This completes the
proof. [

Problems

1. Let a set K admit two C” manifold structures (i.e., maximal atlases), denoted
by K’,K"”. Verify that these manifold structures coincide if and only if the
identity mapping of K is a C" diffeomorphism K’ — K"

2. Let F: M — K be a one-to-one mapping of a C" manifold M onto a set K.
Show that K then carries a unique manifold structure (i.e., maximal atlas) such
that F': M — K is a C" diffeomorphism.

3. Let F: M — N be an embedding between C" manifolds, and define a C" man-
ifold structure on F(M) so as to make F : M — F(M) a C" diffeomorphism.
Verify that, with this structure, F'(M) is a submanifold of N.

4. Find an embedding of an open interval into R? whose image is homeomorphic
(as a subset of R?; see §3) to a “figure eight” (i.e., to a union of two circles
having one point in common, cf. Fig. 5 above).

5. Verify that an open submanifold of a manifold M (Problem 11 in §2) is also a
submanifold in the sense defined above. Does it have the subset topology?

6. Show that any affine subspace M in a finite-dimensional real affine space N is
a submanifold of N endowed with the subset topology.

7. Prove that the unit sphere S(V) = {v € V : |u]| = 1} of any Euclidean space
(V,(,)), with the manifold structure defined as in §2, is a submanifold of V'
carrying the subset topology.

8. Let T : V — W be a linear operator between finite-dimensional vector spaces
V,W. Verify that T is injective (surjective) if and only if there exists a linear
operator T": W — V with T'T = Idy (or, respectively, TT' = Id w).

9. For a Euclidean space V, let v: V\{0} — S(V) be the normalization mapping
with v(w) = w/|w| (Problem 7 in §3), and let ¢ : S(V) — V\{0} be the
inclusion mapping (¢(u) = u). Show that

(a) 1 is real-analytic,

(b) At each v € V\{0}, the linear operator dv, : T,(V\{0}) = T, (S(V))
is surjective.

(c) At each uw e S(V), the linear operator

dipy : Tu(S(V)) = Ty (VN{0})
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is injective, and, under the identifications Ty () (V\{0}) = Ty)V =V
described in Examples 5.1 and 5.3, the image of di, coincides with the
orthogonal complement u' C V.
Given manifolds M and N and points =g € M, yg € N, verify that the
mappings M >z +— (z,y0) € MXN, N 3>y (zo,y) € MXN are embeddings,
and that their images M x {yo}, {zo} X N, with the manifold structures defined
as in Problem 3, are submanifolds of M x N and have the subset topology.
For a subspace W of a finite-dimensional real or complex vector space V, let the
mapping F : P(W) — P(V) between the corresponding projective spaces (§2)
assign to each L € P(W) the same line F(L) = L treated as a 1-dimensional
vector subspace of V. Show that F' is an embedding, making P(W) (as in
Problem 3) into a submanifold of P(V) endowed with the subset topology.
Suppose that a subset M of a manifold N admits the structure of a connected
manifold that makes it a submanifold of N. Is such a structure always unique?
(Hint below.)
Verify that, for manifolds M, N, a continuous surjective mapping F : M — N
and a dense set KX C M (Problem 8 in §6), the image F'(K) is dense in N.
Show that a sequence (2, yx) of points in a product manifold M x N converges
to a point (z,y) € M x N as k — oo if and only if 2 — 2 in M and y; — y
in N.
Verify that, for dense subsets K, K’ of manifolds M, M’, respectively, the prod-
uct K x K’ is dense in the product manifold M x M’.
Show that a subset K of a manifold M is dense in M if and only if it intersects
every nonempty open set in M.
Verify that, for open subsets U, U’ of manifolds M, M’, respectively, the product
U x U’ is open in M x M’ and, conversely, every open subset of M x M’ is a
union of such product sets U x U’.
Prove that any subgroup G of the real line R (with addition) is either cyclic
(generated by a single element, i.e., G = Z-a for some a € R), or dense in R.
(Hint below.)
Show that any subgroup I' of the circle S! (the latter being an Abelian group
when endowed with the complex multiplication), is either finite and cyclic, or
infinite and dense in S'. (Hint below.)
Let T2 be the 2-dimensional torus 72 = S x S, where the circle (1-dimen-
sional sphere) S* consists of all complex numbers z € C = R? with |z| = 1
(§2). Any fixed vector (a,b) € R? gives rise to the mapping (curve) v: R — T?
given by ~(t) = (e, e). Verify that ~ is a real-analytic (C“) Lie-group
homomorphism, and that it is an immersion unless ¢ = b = 0. Show that v is
an embedding if and only if neither of a,b is a rational multiple of the other.
Let a,b € R be chosen so that the curve v : R — T2 defined in Problem 20 is
an embedding.
(a) Show that the image v(R), with the manifold structure defined as in Prob-
lem 3, does not have the subset topology.
(b) Prove that the set (R) is dense in T?2. (Hint below.)
Given linear functions f*,..., f™ € V* on a finite-dimensional real vector space
V, show that the linear mapping (f!,...,f™):V — R™ formed by them is
(a) Injective if and only if f! ..., f™ span V*.
(b) Surjective if and only if f1,..., f™ are linearly independent in V*.
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Let F: M — N be a C* mapping between manifolds. Verify that F' is an
immersion if and only if, for any coordinate system y in N, with a coordinate
domain U, the differentials dF of the component functions of F' span T M
at each point z € F~Y(U). (Thus, immersions F : M — R are precisely those
k-tuples of functions F!,..., F*¥: M — R for which dF},... dF¥ span T M
at every x € M.)

Show that, given a manifold M with n = dim M and a point z € M, there
exists a C* mapping F : M — R" and a neighborhood U of =z in M such
that F' restricted to U is an immersion. (Hint below.)

A mapping F : M — N between C* manifolds, s > 1, is called a submersion if
it is of class C* and the differential dF, : T, M — Tp,)N is surjective at each
point x € M (or, equivalently, rank F' = dim N everywhere in M). Show that
any submersion F': M — N is an open mapping in the sense that the F-image
F(U) of any open set U C M is an open subset of N. (Hint below.)

Recall that a vector space W is said to be the direct sum of its subspaces V'
and V', which one writes as

(9.10) W=VvVeaeV,

27.

28.

if each w € W can be uniquely expressed as a sum w = v+v" with v € V and
v" € V'. Verify that, for subspaces V,V’ of W, relation (9.10) holds if and only
if the set VUV’ spans W and VN V' = {0}. Assuming (9.10), show that the
assignment V x V'3 (v,v') — v+ 0" € W establishes an isomorphism between
the direct product V x V' of V and V'’ with the componentwise operations
(which is often also called the direct sum and denoted by V& V'), and W. (For
subspaces V, V' of a vector space W satisfying (9.10), we usually identify vectors
w € W with the corresponding pairs (v,v') € V x V' satisfying w = v + v'.
Thus, the standard inclusions V. — W, V' — W and projections W — V,
W — V' can be characterized by v — (v,0), v' — (0,v"), w = (v,v") — v and,
respectively, w = (v,v") — v'.)

Given C*® manifolds M, N, verify that the mappings M > z +— (z,y) € M x N
(with a fixed y € N) and N >y (z,y) € M x N (with a fixed = € M) are of
class C? and, if s > 1, their differentials at any «* € M and y € N, respectively,
are injective. (From now on, we will regard T, M and T,M as subspaces of
the tangent space T(, ,)(M x N), by identifying them with their images.) (Hint
below.)

For M, N,z,y as in Problem 27 with s > 1, show that

(9.11) Tiayy(M x N) = T,M & T,N

29.

in the sense of (9.10), and that the corresponding inclusions and projections
(Problem 26) are the differentials at = and y of the mappings mentioned above
and, respectively, the differentials at (x,y) of the obvious C*® Cartesian-prod-
uct projection mappings M x N — M and M x N > («/,y') — N. Verify
that the identification w = (u,v) of vectors w € T(,,)(M x N) with pairs
(u,v) € TyM x TyN then takes the form (z,y)(t) = (@(t),4(t)) for C* curves
t— x(t) in M and t — y(t) in N, where (x,y) is the curve in M x N defined
by (z,y)(t) = (x(¢),y(t)). (Hint below.)

Suppose that M, N, P are manifolds and we are given an arbitrary C' mapping
M x N — P, which we write as a “multiplication” M x N > (z,y) — xy € P.
For any x € M and y € N, let us denote by T, M > v — vy € T, P and
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T,N > w — zw € T,,P the differentials at = and y of the C' mappings

M>2%Z—%ye P and N> §— zj € P. Given an interval I C R and C!

curves t — x(t) € M and t+— y(t) € N, defined on I, prove the Leibniz rule
(9.12) (zy) = &y + 2y,

that is, d[z(t)y(t)]/dt = z(¢)y(t) + x(t)y(t) for all t € I. (Hint below.)
Hint. In Problem 12, consider a figure-eight curve (see Fig. 5 above).
Hint. In Problem 18, let G # {0} and set a = inf (GN(0,00)). If a > 0, then the
infimum is a minimum (as any two distinct elements z,y of G are at a distance
|z —y| >a), and G="7Z-a. If a=0, for any € >0, G contains a number r with
0 < r < ¢, and the subgroup Z-r of G comes closer to any real number than e.
Hint. In Problem 19, let I' # {1} and let G be the additive subroup of R with
G=9o1T), ®: R — S! being the group homomorphism ®(t) = e*. If G is
dense in R, so is I' in S (Problem 13). Otherwise, G = Z-a for some a > 0
(Problem 18), and then I' (generated by e!*) must be finite. In fact, if it were
infinite, compactness of S' would imply the existence of a sequence of pairwise
distinct elements 2z, € I' that converges in S, so that the ratios z;/z € I' may
assume the form e’ with arbirarily small § > 0, contradicting the obvious relation
a=min{f >0:¢e?% cT}.
Hint. In Problem 21, ab # 0. The torus is an Abelian group (as the direct sum
of two copies of S!, the latter endowed with the complex multiplication), and
v : R — T? is a group homomorphism (from the additive group of real numbers).
The subgroups I' ={z € S': (2,1) e y(R)} I"={z€ S':(1,2) € y(R)} of S?
are both infinite (otherwise I' or I” would be generated by its element z having
the smallest possible positive argument and, by finiteness, 2z = 1 for some integer
n > 1, thus making a/b rational.) Hence I, T” are dense in S* (Problem 19) and
~v(R) contains the dense subgroup I' x I'" generated by I' x {1} and {1} x I". See
also Problem 15.
Hint. In Problem 24, let F = (F*,..., F™), where the F7 are obtained by ex-
tending arbitrary coordinate functions z? at = from a suitable neighborhood of z
to the whole of M (Problem 20 in §6).
Hint. In Problem 25, note that, in suitable local coordinates, (9.3) becomes

(9.13) (zh . 2™) = (2t ™)

with dim M = m > n = dim N. We can now use the openness property of surjective
linear operators between finite-dimensional real vector spaces.

Hint. In Problem 27, use the chain rule to conclude that the differentials of the
projection mappings M x N — M, M x N — N are one-sided inverses of the
differentials in question.

Hint. In Problem 28, use the hint for Problem 27.

Hint. In Problem 29, fix ¢ty € I and set xo = z(to), Yo = y(to), v = @(to),
w = Y(tp) and let F: M x N — P be our “multiplication mapping” F(x,y) = xy.
Then, at t =to, %[x(t),y(t)] = LF(x(t),y(t)) = dF(, ) (v,w) (Problem 28) and,
since (v, w) = (v,0) + (0, w), this equals dF, ,)(v,0)+ dF(, ,)(0,w) = [z(t)yo] +

Llzox(t)] = vyo + zow.
10. More on tangent vectors

Topics: Ad hoc descriptions of tangent spaces of real and complex projective spaces; tangent

spaces of Grassmannians; more general cases of submanifolds defined by equations.
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Let P(V) be the projective space for a given finite-dimensional real or complex
vector space V' (§2). We then have a natural isomorphic identification

(10.1) TL[P(V)] = Hom(L,V/L)

at any projective point L € P(V). (The symbol ' Hom’ stands for “the space of
K-linear operators”, where K is the scalar field.)
To define a natural linear isomorphism

(10.2) ¢ : Hom(L,V/L) — Tp[P(V)].
let us fix L € P(V) and F € Hom(L,V/L). We now choose any vector
(10.3) u € L\{0},

any lift F of F to V, that is, an operator F : L — V whose composite with the
projection operator V' — V/L equals F':

(10.4) F € Hom(L,V), ToF =F,

and any C! curve I >t~ x(t) € V\{0} along with a parameter a € I such that
(10.5) z(a) = u, i(a) = Fu.

With the aid of these additional data, we declare the image of F' under @ to be
(10.6) OF = y(a) € TL[P(V)],  where y(t) = m(x(t)),

7w : V\{0} = P(V) being this time the standard projection mapping (Problem 13
in §3).

We need to prove that this definition is correct, that is, independent of the
choice of the quadruple u, F, z(t), a with (10.3) — (10.5). To this end, let us
first note that, for fixed u and F with (10.3) and (10.4), the vector (a) in (10.6)
is the image dm,[Fu] of the vector i(a) = Fu € T,[V\{0}] = T,V =V (cf.
Examples 5.1, 5.3 under the differential at u of the mapping = : V\{0} — P(V)
(see (5.16)) and, consequently, ¢(a) does not depend on the choice of the curve
t+ x(t) and a (satisfying (10.5) for the given u and F).

Secondly, let u and F now be replaced with another vector w € L\{0} and
another lift F’ of F. Thus, F and F’ differ by an L-valued operator L — V
and, in particular, F'u = Fu+ pu for some scalar € K, while, as dim L = 1, we
have w = cu for some scalar ¢ # 0. Choosing a C! curve I >t z(t) € V\{0}
and a € I with (10.5), and any C! curve I >t A(t) € K\{0} with \(a) = ¢
and \(a) = cu, we now easily verify that the new curve I 3t — A(t)z ( ) and the
parameter a satisfy the analogue of (10.5) with w, F”’ instead of u, F. However,
7w (A()z(t)) = 7 (x(t)) due to the definition of 7 (Problem 131in §3). Consequently,
the value of @F obtained from (10.6) will be the same, whether we use u and F,
or w and F”.

Thus, @F is defined correctly, i.e., it depends on F' (and L), but not on the
quadruple u, F, z(t), a with (10.3) — (10.5).

To show that the mapping (10.2) is linear, let us fix u with (10.3) and choose a
subspace V of V with V=V &L (cf. Problem 26 in §9. We thus have a natural
1som0rphlsm V= V/L obtained by restricting the projection operator V — V/L
to V. Denoting ¥ : V/L — V the inverse of that isomorphism, we can associate
with every F' € Hom(L,V/L), a particular lift I given by F = W o F. (In other
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words, this is the unique F with (10.4) which is, at the same time, V-valued.) By
(10.5), (10.6) and (5.16), we now have

(10.7) OF = dm,[¥(Fu)],

which obviously shows that & is linear.

Relation (10.7) also implies that & is injective: if ¢F = 0, it follows from
(10.7) that ¥ o F is valued both in L = Ku (Problem 1(a)) and in V (due to our
choice of ¥), so that F' =0 as LNV = {0}. Finally, & is an isomorphism, since
both spaces in (10.1) are easily seen to be of the same dimension.

We conclude this section by discussing two important generalizations of Theo-
rem 9.6 (cf. also Problem 5 below.

THEOREM 10.1. Suppose that M, N are C*® manifolds and F : M — N is a
C?® mapping, s > 1. If the rank of F is constant on M, while y € N is a point
such that K = F~Y(y) is nonempty, then K is a C® submanifold of M endowed
with the subset topology, of dimension

(10.8) dimK = dimM — rank F,
and with the tangent spaces given by (9.9).
PRrROOF. See Problem 4. O

Given C' manifolds M and N, a C!' mapping F : M — N, and a C' submanifold
P of N, one says that F is transversal to P if, for every x € M such that
y = F(z) € P, the tangent space Ty N is spanned by the subset T,,PU dF,(T,M).
For instance, F' is automatically tranversal to P if it is a submersion, as well as
in the case where F(M) does not intersect P.

THEOREM 10.2. Suppose that M, N are C°® manifolds, F : M — N is a
C® mapping, s > 1, and P is a C° submanifold of N endowed with the subset
topology. If F is tranversal to P and the set K = F~1(P) is nonempty, then K
is a C® submanifold of M, carrying the subset topology, while its dimension and
its tangent spaces are given by

(10.9) dimK = dimM — dim N + dim P,
(10.10) T,K = (dF,)” " (Tp@)P) whenever z € K.

PROOF. See Problem 6. O
Problems

1. Let m : V\{0} — P(V) denote the standard projection mapping (Problem 13
in §3).
(a) Verify that, for any u € V\{0}, denoting K the scalar field, we have

(10.11) Kerdm, = Ku C T,[V\{0}| =T,V =V.

(b) Show that 7 is a submersion. (Hint below.)

2. Generalize the construction of the natural isomorphism (10.1) to the case of
arbitrary Grassmann manifolds Gr,(V) (Problem 2 in §81), in the sense of
providing a natural isomorphic identification

(10.12) Tw[Gry(V)] = Hom(W,V/W)
for any W € Gry(V). (Hint below.)
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3. Verify that any C' homomorphism between C! Lie groups has constant rank.
(Hint below.)

Prove Theorem 10.1. (Hint below.)

Explain why Theorem 10.1 is a generalization of Theorem 9.6. (Hint below.)
Prove Theorem 10.2. (Hint below.)

S ok

Hint. In Problem 1, let us choose a basis ej,...,e, of V with u = e; and let
f = €' be the first element of the dual basis in V*. Using the linear coordinates in
V' associated with the basis ey, ..., e, and the coordinate system in P(V') obtained
from (Us,f) (§2) by replacing ¢ with ¢y followed by (e?,...,e"): f~1(1) —
K" 1 we see that in such coordinates m appears as

(10.13) (... 2™) = (%2t 2" 2t

(Note that z' # 0 throughout the coordinate domain Uy.) Differentiating the
right-hand side with respect to a parameter ¢ at a value of ¢ for which z' =1
and 22 = ... = 2" =0 (which corresponds to the point u = e;), we easily obtain
the following description of dm, in terms of the components of tangent vectors in
the coordinate systems selected above (which proves both (a) and (b)):

(10.14) (&h,...,8") = (22%,...,2").

Hint. In Problem 2, let us introduce the manifold B,(V') consisting of all linearly
independent g¢-tuples of vectors in V. (This is an open subset of the vector space
V4, the qth Cartesian power of V.) We have the standard projection mapping
7w Bg(V) = Gry(V) given by m(uq1,...,uq) = Span{us,...,u,}. We can now
define a linear isomorphism

(10.15) @ : Hom (W, V/W) — Ty [Grg(V)]

by setting, for F' € Hom(W,V/W),

(10.16) OF = y(a) € TL[P(V)], with  y(t) = 7(x1(t),...,24(t)),

where we have fixed a basis uj,...,u, of W and a lift F:W =V of F, and used
any C! curve I >t (z1(t),...,24(t)) with z;(a) = u; and @;(a) = Fu; for a
specific a € I and all j =1,...,q. Proceeding as before, we now show that & is

independent of the choice of the additional data.

Hint. In Problem 3, use (8.8) to observe that, for a C! homomorphism F : G — H
and any = € G, dFy is the composite v — [F(z)](dF1(x'v)) involving two linear
isomorphisms, and so it must have the same rank as dFj.

Hint. In Problem 4, use an obvious modification of the proof of Theorem 9.6.
Hint. In Problem 5, note that Theorem 9.6 is a special case of Theorem 10.1
obtained by replacing M with the open submanifold (rank F')~!(dim N).

Hint. In Problem 6, fix x € K and let y = F(x). The rank theorem guarantees
the existence of a neighborhood U of y in N and a C*® submersion H : U — U’
onto a neighborhood U’ of 0 in R"™? (where we have set m = dim M, n = dim N,
p = dim P) such that U NP = H~1(0). Thus, F-Y(U)N K = (H o F)~!, while
the transversality assumption makes 0 a regular value of H o F. The rest of the
argument is the same as in the proof of Theorem 9.6.
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11. Lie subgroups

Topics: Lie subgroups; Lie subgroups with the subset topology; the identity component; discrete
subgroups; S and S as Lie subgroups of C\ {0} and H\{0}; other simple examples;

orientation in real vector spaces.

Given a group G whose operation is written as a multiplication, an element
a € G and subsets K,L C G, let usset aK ={az:x € K}, Ka={za:z € K},
KL={2y:z€ K,yc L} and K~! = {z7!: 2 € K}. Thus, a subgroup of G is
any nonempty subset H C G with HH C H and H~' C H. By a normal subgroup
of G we mean, as usual, a subgroup H C G such that aHa=' C H whenever
a € G (and hence, aHa™! = H for all a € G); in other words, a subgroup is called
normal if it is closed under all inner automorphisms of G (Example 8.10).

For a fixed subgroup H of a group G, the left cosets of H are defined to be all
sets of the form aH for some a € G. They form a disjoint decomposition of G into
a union of subsets, one of which is H itself. The same is true for the right cosets
of H, which are the sets of the form Ha with a € G. One easily sees that H is a
normal subgroup if and only if the families of its left and right cosets coincide.

Suppose now that G is a Lie group of class C", 0 < r < w. By the iden-
tity component of G we mean the connected component G° of the manifold G,
containing 1 (1 is often called the identity of G). We then have G°G° C G°,
(G°)™! C G°, and aG°a~! C G° for all a € G, as G°G®°, (G°)~! and aG°a~!
are connected subsets of G containing 1 (Problem 8 in 3). The connected compo-
nents of G are nothing else than the left (or right) cosets of G°; this is immediate
from Problem 1 below. Furthermore, G° regarded as an open submanifold of G
is a Lie group of class C" (with the group operation inherited from G; see Prob-
lem 3). The identity inclusion mapping G° — G now is a C" homomorphism of
Lie groups, inducing the familiar identification T7G° = T M, so that, when r > 3,
the Lie algebras of G and G° are naturally isomorphic (and will from now on be
identified).

In other words, the algebraic structure (i.e., isomorphism type) of the Lie alge-
bra g of any Lie group G depends solely on the connected Lie group G°. Thus,
the only conclusions about G that may be expected to follow from assumptions
about g are those that pertain to G° alone.

EXAMPLE 11.1. The C% Lie group GL(V) for a finite-dimensional vector space
V over the field K of real or complex numbers (Example 4.3), is connected when
K = C, and has two connected components when K =R and dimV > 0. In the
latter case, the identity component of GL(V), denoted by GL™(V'), consists of all
linear isomorphisms A :V — V with det A > 0. See Problem 10.

EXAMPLE 11.2. In particular, the matrix Lie group GL (n,C) is connected,
while GL (n,R) with n > 1 has two components, the one containing the identity
being the group GL™'(n, R) of all real nxn matrices having positive determinants.

Let G be a Lie group of class C", r > 0. By a Lie subgroup of class C” in
G we mean any subgroup H of G with a fixed structure of a C" manifold which
makes H both a C" submanifold of G and a C™ Lie group (for the group operation
H inherits from G). We will call H a Lie subgroup of G with the subset topology
if its manifold structure represents the subset topology. (In the latter case, such a
manifold structure is unique, cf. Corollary 9.5, and so does not have to be specified;
also, the final clause in the definition of a Lie subgroup follows automatically, and
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hence need not be verified; see Remark 11.8 below.) Similarly, a normal Lie subroup
of G is a Lie subroup of G which is simultaneously a normal subgroup.

ExaMPLE 11.3. Every open subgroup of a Lie group is a Lie subgroup with
the subset topology. (See Problem 3.)

EXAMPLE 11.4. The kernel of any C! homomorphism G — H between C”
Lie groups G and H, r > 1, is a C" normal Lie subgroup of G with the subset
topology, which is also closed as a subset of G. (See Problem 4.)

ExAMPLE 11.5. As a special case of Example 11.4, for any finite-dimensional
real or complex vector space V, the automorphism group GL(V') has a C* normal
Lie subgroup SL(V') with the subset topology, consisting of all A:V — V with
det A =1. (cf. Problem 6 in §4.)

EXAMPLE 11.6. One easily finds examples of Lie subgroups which do not have
the subset topology. For instance, every Lie group G contains as a Lie subgroup the
same group G treated as discrete (Example 4.6). More generally, G contains as a
Lie subgroup the disjoint union of all cosets of any given Lie subgroup H. However,
there also more interesting examples of such subgroups, namely, connected ones;
for instance, the torus T2 contains a 1-dimensional dense Lie subgroup which does
not have the subset topology (see Problem 21(a) in §9).

EXAMPLE 11.7. The circle S' and 3-sphere S® are Lie subgroups of C\{0}
and H\{0}. Namely, they are kernels of the norm homomorphisms valued in
R\ {0}.

REMARK 11.8. Let a subgroup H of a C" Lie group G be, at the same
time, a C" submanifold of G endowed with the subset topology. Then H is a
Lie subgroup of class C" in G. In fact the group operations in H (that is, (4.2)
restricted to H x H or H) are of class C" as mappings into H, which is an
immediate consequence of Theorem 9.4.

Problems

1. Show that the family of all connected components of a given manifold M is the
unique collection of pairwise disjoint, nonempty connected open subsets of M
whose union is M.

2. Show that f(G°) C HP for a continuous Lie-group homomorphism f:G — H.

3. Let H be a subgroup of a Lie group G of class C”, r > 0, which at the same
time is an open subset of G. Verify that H is a C” Lie subgroup of G with
the subset topology.

4. Prove the claim made in Example 11.4. (Hint below.)

Hint. In Problem 4, use Lemma 8.6, Problem 3 in §10 and Theorem 10.1.

12. Orthogonal and unitary groups

Topics: Lie-group actions on manifolds; transitive and free actions; isotropy groups; (special)
orthogonal and (special) unitary groups; their Lie algebras; explicit descriptions in low dimensions;
orbits of group actions.

By a left action of a group G on a set M we mean a mapping G x M — M,
denoted by (a,z) — ax, such that, with ab denoting the product in G,

i. a(bx) = (ab)x whenever x € M and a,b € G,
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ii. 1x =z for all x € M, where 1 stands for the neutral element of G.

If such an action is given, we say, informally, that G acts on M (from the left).

Similarly, a right action of a group G on a set M is a mapping M x G >
(z,a) = xa € M with (za)b = x(ab) for all z € M and a,b € G. Every left/right
action can be naturally converted into a right/left one if one sets xa = a~'z or,
respectively, ar = za~'. In other words, a left/right action of G on M may
be thought of as a right/left action on M of the group G obtained from G by
“reversing the multiplication” (see Problem 1).

By a C" action from the left/right of a C" Lie group G on a C" manifold M
we mean an action of G on the underlying set of M which is also a C” mapping
G x M — M (or, respectively, M x G — M). When r is clear from the context
and 7 > 1 (e.g., under the blanket assumption that all objects considered are of
class C), we will then simply say that G acts on M differentiably from the left

or from the right.

EXAMPLE 12.1. Every (Lie) group G admits the trivial action on any set/man-
ifold M, with ax =2 (or ax =z) for all a € G and x € M.

EXAMPLE 12.2. Every subgroup H of a group G acting from the left /right on
a set M also acts on M via the restriction to H of the original action. Similarly,
for every subset N of M invariant under the given left/right action of G (in the
sense that ax € N or za € N whenever a € G and x € N), the restriction of
the original action is a left/right action of G on N. Analogous statements are
obviously valid for C” actions of Lie groups on manifolds, provided that H is a
C" Lie subgroup of G or, respectively, the G-invariant subset N C M is a C"
submanifold of M endowed with the subset topology. (In the latter case, our claim
is immediate from Theorem 9.4.)

ExaMPLE 12.3. Every (Lie) group G acts on itself (differentiably), both from
the left and from the right, via the group multiplication. Similarly, G x G acts on
G from the left via ((a,b),z) — axb™ .

Given a left or right action (a, )+ az or (z,a) — za of a group G on a set
M and any a € G, x € M, let us now generalize the notations introduced in (8.1),
denoting Ly : M — M and R, : G —- M (or, Ry : M — M and L, : G — M)
the mappings given by

(12.1) Lo(y) = ay, Ry(b) =bxr or R.(y) = ya, Ly(b) = xb

(whichever applies), for y € M, b € G. Again, each L, (or R,) is a bijection,
with the inverse L,-1 (or, R,-1) and, in the case of a C"-differentiable Lie-group
action, every L, (or R,) is a C"-diffecomorphism, while every R, (or, L,) is of
class C".

From now on, ’actions’ will stand for left actions; all the statements made about
(left) actions have obvious counterparts for right actions, the details of which are
left to the reader.

Note that, by the above definition, an action of G on a set M amounts to any
fixed group homorphism a — L, from G into the group of all permutations of M
(i.e., bijections M — M), with composition as the group operation. For instance,
the trivial homomorphism (sending all of G to Id : G — G) corresponds to the
trivial action of G on M with ax = x for all a € G and =z € M.
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An action (a,x) — ax of a group G on a set M is called transitive if, for
any x,y € M, there is a € G with ax = y, and is called free if ax # x for any
a € G\{1} and any = € M. Thus, the given action is free if and only if, for any
a € G other than the identity, L, has no fixed points (in M). An action which is
both free and transitive is referred to as simply transitive. For instance, the action
of G on itself by left/right translations is simply transitive; the action of G x G
on G in Example 12.3 is transitive but not free unless G is trivial (consider (z,z)
and (1,1) acting on the element ).

EXAMPLE 12.4. A real or complex affine space (M,V,+) (§2, appendix) is
nothing else than a set M with a fixed “additively written” simply transitive
action on M of the additive group G =V of a given real/complex vector space
V. If V is finite-dimensional, we may treat M as a C* manifold (§2) and G =V
as a C* Lie group (Example 4.1); the action in question then is, obviously, also of
class C“.

LEMMA 12.5. For any C*' action (a,z) > ax of a C' Lie group G on a C*
manifold M and any given point x € M, the mapping R, : G — M defined by
(12.1) is of constant rank.

PROOF. Let us set F' = R,. Given a € G, using the multiplicative notation
of Problem 29 in §9 we have dF,v = vz and dFju = ux for any v € T,G and
u € T1G. On the other hand, the “associativity” of the group action (condition
(i) above) gives (au)y = a(uy) for any a € G, y € M and any vector u tangent
to G at any point. (To see this, realize u as the velocity of a C' curve.) Thus,
writing auz (without parentheses) and choosing v = a=1v € T1G for a € G and
v € T,G, we now have vx = (aa"*v)xr = a((a~'v)x), i.e., dF, is the isomorphism
T,G > v — a ‘v € TG, followed by dFy, followed by the isomorphism T, M >
w— aw € Ty M. Thus, dF, and dF; have the same rank, as required. O

Given an action (a,z) — az of a group G on a set M and a point = € M, by the
isotropy group of the action at = we mean the subset H, of G given by

(12.2) H, ={acG:ax=2z}.

It is easy to see that H, is always a subgroup of G. Moreover, since H, = R, (),
combining Lemma 12.5 with Theorem 10.1 we obtain

COROLLARY 12.6. Given a C" action of a C" Lie group G on a C" manifold
M, r > 1, the isotropy group H, of every point x € M 1is a Lie subgroup of G,
endowed with the subset topology and closed as a subset of G.

Let V' be a vector space over a scalar field K (where K = R or K = C).
Suppose that B : V xV — K is either bilinear (K = R or K = C), or sesquilinear
(K = C). Recall that sesquilinearity of B means that it is linear in the first, and
antilinear in the second variable. Any vector space W over K with any linear
operator F': W — V then gives rise to the pullback of B under F', which is the
bilinear /sesquilinear form on W with

(12.3) (F*B)(w,w") = B(Fw, Fu') for w,w’ € W.

Note that, if there is also a third vector space W’ over K and another operator
H: W' — W, we can form the composite F'H : W' — V and then, obviously,

(12.4) (FH)*B = H*(F*B).
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Suppose now that our vector space V' over the field K is finite-dimensional, and let
Q stand for the vector space of all forms on V' which are of a fixed type (bilinear
or sesquilinear). In view of (12.4), the assignment

(12.5) (B,F) — F*B

is a right C* action on Q of the group GL(V) (notation of Example 4.3). We de-
note by Aut(V, B) the automorphism group of B, that is, the subgroup of GL(V)
consisting of those linear automorphisms F : V — V which satisfy the condition
F*B = B (i.e., preserve B). We have

COROLLARY 12.7. The automorphism group Aut(V, B) of any bilinear/sesqui-
linear form B on a finite-dimensional real or complex vector space V is a C¥
Lie subgroup of GL(V), carrying the subset topology, and it is a closed subset of

GL(V).

This is clear from Corollary 12.6, as Aut(V, B) is the isotropy group of the
point B € Q for the action of GL(V) on Q given by (12.5).

Suppose that we are given a fixed finite-dimensional real (or complex) vector
space V' and a fixed form B which is bilinear and symmetric (or, respectively,
sesquilinear and Hermitian) and positive definite. (In other words, B is an inner
product in V.) The automorphism group Aut(V, B) then is usually denoted by
O(V) (in the real case) or U(V) (in the complex case) and called the orthogonal
group or the unitary group of the inner-product space V. (The form B is usually
omitted from the notation.) Furthermore, one denotes by SO(V') (in the real case)
or SU(V) (in the complex case) the Lie subgroup of G = O(V) or G = U(V)
obtained as the kernel of the determinant homomorphism (4.19) restricted to G.
Those groups are referred to as the special orthogonal group or the special unitary
group of V. In the case where V is R" or C™ with the standard inner product,
one denotes these groups by O(n), SO(n) (or, U(n), SU(n)), and regards them
as consisting of n x n matrices.

The Lie algebras of the groups just described are denoted by o(V), so(V)
(the real case) or u(V), su(V) (the complex case). For V = K", these become
the matrix Lie algebras o(n), so(n) or u(n), su(n). Explicitly, we have

o(V) = s0(V) = w(V) ={Aegl(V): A" = - A},
su(V) = {Ae gl(V): A" = — A and Trace A =0}.

In fact, if V is real, SO(V) is the identity component of O(V) (Problem 14),
and so o(V) = s0(V) (see §11). Both in the real and complex case, the first
line of (12.6) is an obvious special case of Problem 4. To obtain the second line,
it now suffices to apply Problem 5 to the restriction det : U(V) — C\{0} of
the determinant homomorphism (4.19) (using the description of the corresponding
Lie-algebra homomorphism det , provided by (8.12)).

The dimensions of the Lie algebras in (12.6) are easily computed using matrix
representation of operators; we thus have

(12.6)

dim O(V) = dim SO(V) = (Z) _ @ n = dimV,

dim U(V) = n?, dim SU(V) = n? — 1.

For a finite-dimensional inner-product space V' over the field K of real or complex
numbers, the determinant homomorphism det : G — K\ {0} restricted to G =

(12.7)



48 3. IMMERSIONS AND EMBEDDINGS

O(V) or G = U(V) takes values in {1,—1} (when K = R), or in the unit
circle S' € C (when K = C); see Problem 17. Moreover, one easily sees that
det maps O(V) onto {1,—1} and U(V) onto S!. This reduces the question of
understanding the structure of O(V) or U(V) to the corresponding question for
SO(V) or SU(V). Of course, each of the groups involved may also be identified
with the corresponding group of n X n matrices, n = dimgV.

On the other hand, if V is complex, we have an n-to-one mapping

(12.8) St x SU(V) 3 (2,F) — 2zF € U(V),

that is, a surjective mapping whose every value has exactly n preimages. (See
Problem 21.) Moreover, (12.8) is clearly a Lie-group homomorphism of class C%,
and its kernel is the cyclic group Z, of all nth roots of unity (treated as the
corresponding multiples of the identity operator V' — V). Thus, we can identify
U(V) with the quotient of S x SU(V) over the normal subroup Z,.

In the lowest real or complex dimensions, we have some explicit descriptions.

ExaMPLE 12.8. When dimkV = 1, we have the natural isomorphic identifi-
cation GL(V) = K\ {0}, and then O(V) = {1,—1}, SO(V) = {1} (if K=R)
and U(V) =St SU(V)= {1} (if K=C).

EXAMPLE 12.9. When V is a 2-dimensional real inner-product space, SO (V)
is isomorphic, as a C* Lie group, to the circle S', and so the underlying manifold
of O(V) is diffeomorphic to a disjoint union of two circles.

ExXAMPLE 12.10. When V is a 2-dimensional complex inner-product space,
SU(V) is isomorphic, as a C* Lie group, to the 3-sphere group S* of unit quater-
nions. (See Problem 20.) Thus, according to the preceding discussion, the group
U(V) then is isomorphic to a Zs quotient of the direct product S! x S3, with Z,
generated by (—1,1).

Denoting S® C H the sphere of unit quaternions and using quaternion multi-
plication (see §4), we now define two C* Lie group homomorphisms:

(12.9) S35 p — {x s pap} € SO(1H),
where 1+ is the 3-dimensional Euclidean space (4.7) of pure quaternions, and
(12.10) S? x %> (p,q) = {x+ pxg} € SOH).

Note that p = p~! for p € S (by (4.11)), and each homomorphism is valued
in the special orthogonal group as a consequence of Problem 2 in §11 (since S°
is connected; see Problem 15 in §3). Computing the differentials of (12.9) at 1
and of (12.10) at (1,1), we find that they send any p (or, any (p,q)) to the
operator = + pr — xp (or, = +— pr — xq). (Note that p,q € 1+ differ from their
quaternion conjugates by sign.) Thus, both differentials are injective (according to
Problems 15 and 16 in §4, as RN 1+ = {0}). On the other hand, both groups in
(12.9) (or, (12.10)) are of the same dimension 3 (or, 6), the differentials in question
are isomorphisms. Thus, the homomorphisms (12.9) and (12.10) are submersions
(Problem 3 in §10), and hence, in this particular case, must both be surjective (see
Problem 22). They are also both two-to-one, since their kernels are copies of Zs,
generated by — 1 or, respectively, (—1,—1).

ExampLE 12.11. For a real inner-product space V/ with dim V' = 3, the un-
derlying manifold of SO (V) is diffeomorphic to RP?. (See Problem 20.)
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EXAMPLE 12.12. For a real inner-product space V' with dim V' = 4, the group
SO(V) is isomorphic to a Zgy quotient of the direct product S% x S3, with Zg
generated by (—1,—1). (This is immediate from our discussion of (12.10).)

Problems

1. Given a group G, let * denote a new binary operation in the set G, with
a*b = ba for a,b € G, where ab is the product in G. Verify that * is a
group operation and, denoting G the group formed by the set G with the
multiplication *, we have a group isomorphism G > x + 27! € G (inverse
taken in G). Show that left/right actions of G coincide with right/left actions
of G. (cf. Problem 9 in §4.)

2. Show that, given a C! curve ¢t +— x = x(t) € G in a Lie group G of class C",
r > 1, for the corresponding curve ¢t — x~! = [2(t)]"! € G one has

(12.11) (7Y = —axtax™!,

that is, d[x(t)]~t/dt = —[x(t)]"t@(#)[z(t)] 7. (Hint below.)

3. Given a C? Lie subgroup H of a Lie group G, verify that the Lie-algebra
homomorphism h — g induced by the inclusion homomorphism H — G maps
b isomorphically onto a Lie subalgebra of g. (From now on we will always
identify b with that subalgebra of g, and write h C g.)

4. Verify that, for any bilinear/sesquilinear form B on a finite-dimensional real or
complex vector space V, the Lie algebra of the automorphism group Aut(V, B),
viewed as its tangent space at 1 and thus identified with a Lie subalgebra of
gl(V) = Hom(V, V) (cf. Problem 3 and Example 8.3) consisting of all operators
F:V —V with B(Fv,w) = —B(v, Fw) for all v,w € V. (Hint below.)

5. For any C? homomorphism F : G — H of Lie groups, verify that the normal
Lie subgroup K = Ker F of G (Examplell.4) has the Lie algebra £ C g
(cf. Problem 3) given by t = Ker F,, with F, as in the paragraph preceding
formula (8.10).

6. Given a finite-dimensional real or complex vector space V', verify that the Lie
subgroup SL(V) of the automorphism group GL(V) (Example 11.5) has the
Lie algebra sl(V) C gl(V) defined as in Problem 3 in §7.

7. Verify that, for any finite-dimensional complex vector space and any linear op-
erator F': V — V there exists a basis e, of F' that makes F upper triangular
(i.e., each Fe, is in the span of the e, with ¢ < a). (Hint below.)

8. Given a complex vector space V with dimV < oo, prove that the Lie group
GL(V) is connected. Denoting B(V') the set of all bases of V, verify that B(V)
is connected. (Hint below.)

9. Verify that, for any finite-dimensional complex inner-product space and any lin-
ear isometry F :V — V (that is, a linear operator F' € U(V)), all eigenvalues
of F' are of modulus 1 and there exists an orthonormal basis of V' consisting
of eigenvectors of F.

10. For any complex inner-product space V' with dimV < oo, prove that the Lie
groups U(V) and SU(V) are both connected. (Hint below.)

11. Verify that, for any real (or, complex) n x n matrix 91, the following three
conditions are equivalent:

(i) M e O(n) (or, respectively, M € U(n)).
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(ii) The rows (or, columns) of 9t form an orthonormal basis of R™ (or, C")
with the standard inner product.

(iii) 9 is invertible and its inverse coincides with its transpose (or, with the
entrywise complex conjugate of its transpose).

12. Verify that, for all finite-dimensional real/complex inner-product spaces V', the
Lie groups O(V), SO(V), U(V), SU(V)) are all compact.

13. Given a real or complex inner-product space V with dimV =n, 1 <n < oo,
let M C V™ be the set of all orthonormal bases of V' (see also Problem 5 in
§11. Verify that M is a compact C“ submanifold of V"™ carrying the subset
topology; in addition, M is connected (if V' is complex), or has two connected
components (if V' is real).

14. Show that, for any finite-dimensional real inner-product space V', SO(V) is the
identity component of O (V).

15. Given a complex vector space V with 1 < dimV < oo, verify that the underly-
ing real space of V' has a “distinguished” orientation, containing the real basis
e1, i€y ..., en, ie, for every basis eq,...,e, of V. (Hint below.)

16. A bilinear/sesquilinear form B in a real or complex vector space V is called
nondegenerate if for every v € V\{0} there exists w € V with B(v,w) # 0.
Prove that, if dim V' < oo, nondegeneracy of B is equivalent to the requirement
that det®B # 0 for the matrix representing B in some (or, any) basis of V.

17. Let B be a bilinear/sesquilinear form in a real or complex vector space V. We
say that a vector subspace W of V is nondegenerate (relative to B) if the
restriction of B to W is nondegenerate. (Note that B itself is not assumed
nondegenerate.) Show that, if dimV < oo and W C V is nondegenerate, then
V =W ® W+, where W+, called the B-orthogonal complement of W, is the
space of all v € V' such that B(v,w) =0 for every w € W. (Hint below.)

18. Let a bilinear/sesquilinear form B in a finite-dimensional real or complex vector
space V' be nondegenerate, and let A € Aut(V, B). Prove that in the bilinear
case det A € {1,—1} and in the sesquilinear case det A € S' C C. (Hint below.)

19. Verify that the group SU(2) consists of all matrices of the form

a —b
(12.12) {b a }
with a,b € C such that |a|? + [b|? = 1.

20. Show that the real algebra of quaternions is isomorphic to the subalgebra of
gl(2,C) formed by all matrices of the form (12.12) with arbitrary a,b € C, in
such a way that the norm squared of the quaternion corresponding to the matrix
(12.12) equals |al? + [b|?>. (Hint below.)

21. Prove the claims made in Examples 12.10 and 12.11. (Hint below.)

22. Prove that, for any finite-dimensional complex inner-product space V', formula
(12.8) defines an n-to-one homomorphism S! x SU(V) — U(V) with the
kernel Z,, x {1}.

23. Let F: M — N be a C' mapping between manifolds M, N such that M is
compact, N is connected, and F' has no critical points, i.e., is a submersion (as
defined in §9). Prove that F' is surjective, that is, F'(M) = N. (Hint below.)

Hint. In Problem 2, use the fact that xz~! = 1 is constant in ¢, so by (9.12),
0= (zz~ty =da7! + 2(271), as required.

Hint. In Problem 4, use Lemma 12.5 for the action (12.5), so that the final clause
of Theorem 10.1 can be applied to find the tangent space of Aut(V,B) at the
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identity 1. This leads to differentiating B(Av, Aw) with respect to a parameter ¢
such that A € GL(V) is a C* function of ¢, arriving at 1 for some fixed value of
t. Now it is clear that B(Fv,w) = —B(v, Fw).

Hint. In Problem 7, choose an eigenvector e; of F' and proceed by induction on
dim V', noting that F' descends to an operator V/W — V/W, there W = Ce;.
Hint. In Problem 8, given A € GL(V) find operators F,® : V — V such that
A= F + & and, for some basis e,, Fe; = e¢*WVey, ..., Fe, = e*™e, (n=dimV),
while the matrix representing @ is upper triangular with zeros on the diagonal. (See
Problem 7.) The curve [0,1] > ¢+ F; + t& with Fre, = e**(Y¢, (no summation!)
now connects 1 to A in GL(V).

Hint. In Problem 10, use Problem 9, as in the hint for Problem 8.

Hint. In Problem 15, note that the assignment

(12.13) (e1,...,€n) — (€1, 0€1...,€n, i€p)

is continuous, and use Problem 10 in §11.

Hint. In Problem 17, W N W+ = {0} due to nondegeneracy of W, and so its
suffices to show that dim W+ =n — k, where n = dimV and k = dim W. This is
achieved by fixing a basis w; of W and noting that the operator V — R* sending
v to (B(v,e1),...,B(v,ex)) is surjective (since its restriction to W is injective,
and hence constitutes an isomorphism W — R¥).

Hint. In Problem 18, apply det to the matrix relation B = ABY, where B and
B represent B in bases e, and Ae, (so that B = B), while 2, 2" are the matrix
of A and its (Hermitian) transpose. Note that det®B # 0 (Problem 16).

Hint. In Problem 20, treat the left multiplication by any quaternion as a C-linear
operator in H viewed as a complex 2-space in which the multiplication by scalars
(real combinations of 1, i € H) is the quaternion multiplcation from the right.
Hint. In Problem 21, use Problems 19 and 20 (for Example 12.10), or combine the
two-to-one homomorphism (12.9) with Problem 16 in §3 (for Examplesorpt).
Hint. In Problem 23, note that F(M) is both open (Problem 25 in §9) and closed
(as it is compact; see Problem 4(a) in §3). Then use Problem 11 in §3.

13. Orbits of Lie-group actions

Topics: Orbits of group actions on sets and of Lie-group actions on manifolds; vector fields

tangent to submanifolds.

Given an action (a,z) — ax of a group G on a set M, let us define a relation
~ in M by declaring that = ~ y if and only if y = ax for some a € G. One
easily verifies that ~ is an equivalence relation. The equivalence classes of ~ are
called the orbits of the action in question. For instance, the action is transitive if
and only if it has only one orbit.

Problems

1. Let a group G act on a set M. Prove that the isotropy groups of two points
x,y € M lying in the same orbit are conjugate in G, that is, one is the other’s
image under an inner automorphism of G.

2. Find the orbits of the evaluation action (F,v)— Fov of the group GL(V) on
V', where V is any finite-dimensional real or complex vector space. The same
for the pullback action (B, F)+— FxB of GL(V) on the space of all symmetric
bilinear forms on V', where V is this time a finite-dimensional real vector space.
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10.

11.

12.

3. IMMERSIONS AND EMBEDDINGS

. Given a C® right action (z,a) — za of a Lie group G on a manifold M

and a vector v € T1G, let us define a vector field v, on M by v.(z) = dFyv,
where F stands for the mapping L, : G — M defined by (12.1). (In other
words, v.(z) = xv, with the same multiplicative notation as in the proof of
Lemma 12.5.) Show that v, then is of class C* and that, for every fixed
point x € M, we have (dF)w = v, on F(G) (notation of (6.9), with F' = L,
as above), where w is the unique left-invariant vector field on G such that
w(1l) = v. (Hint below.)

Under the assumptions of Problem 3, prove that [u.,v.] = [u,v]. for any u,v €
T1G, the bracket in 771G being the Lie bracket in the Lie algebra g of G,
transferred onto T1G via the evaluation isomorphism g — 77G. In this way,
identifying g with T1G, we may regard the assignment v — v, as a Lie-algebra
homomorphism from § into the Lie algebra of all C*° vector fields on M. (Hint
below.)

. Verify that every constant-rank injective C" mapping between manifolds, r > 1,

is a C" embedding. (Hint below.)

. Let us define a free orbit of a right action (z,a) — za of a group G on a set M

to be any orbit N of the action such that, for some z € N, the isotropy group
H, (cf. (12.2)) is trivial. Verify that, for every = € N, we then have H, = {1}
and the mapping L, : G — N defined by (12.1) is bijective. Show that any
free orbit N of a right C" action of a Lie group G on a manifold M, r > 1,
carries a unique structure of a C” submanifold of M such that L, : G — N is
a C"-diffeomorphism for every = € N and, if G is compact, the submanifold
N of M is endowed with the subset topology. (Hint below.)

Given a simply transitive C" right action (z,a) — za of a Lie group G on a
manifold M, r > 1, verify that, for every x € M, the mapping L, : G — M
defined by (12.1) is a bijective C" embedding. Does it always have to be a
C"-diffeomorphism? (Hint below.)

. Given a manifold N, a submanifold M of N and a vector field v on N, we

say that v is tangent to M (along M) if v(x) € T,M C T, N for each z € M.
Restricting v to M, we then obtain a vector field v,, on the manifold M. Verify

that each vector field on any manifold M is tangent along U to every open
submanifold U of M.

. Given a C" right action of a Lie group G on a manifold M, r > 1, and a vector

v € T1G, verify that the vector field v, on M (see Problem 3) is tangent to
every free orbit of the action (cf. Problem 6).

Let a vector field v on a manifold N be of class C! and tangent (along M ) to
a submanifold M of N. Prove that the restriction v,, then is of class C! as a
vector field on the manifold M. (Hint below.)

Let M be a submanifold of a manifold N. Prove that for any two vector fields
u,v on N which are tangent to M along M, the bracket [u,v] is also tangent
to M along M, and [u,v],, = [u,,,v,,]. (Hint below.)

Let B be a nonzero symmetric bilinear form in a finite-dimensional real or
complex vector space V', and let a be a scalar (real or, respectively, complex).
Define M, to be the set {x € V : B(z,z) =a, B(z,-) #0}, B(z,"): V = V*
being the linear operator y — B(x,y). (Thus, the condition B(z,-) # 0 may
be omitted if a # 0.) Verify that M, is empty if and only if V' is real and aB
is negative definite. Show that, if M, is nonempty, then it is a submanifold of
V\ {0}, carrying the subset topology, and that its tangent space T, M, C V =
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T.(V\{0}) at any = € M, coincides with the B-orthogonal complement z* of
x in V, that is, T,M, ={y € V : B(z,y) = 0}. (Hint below.)

13. Given V, B as in Problem 12, we say that a linear operator F' : V — V is
skew-adjoint relative to B if B(Fx,y) + B(xz,Fy) =0 for all z,y € V. Verify
that this is the case if and only if B(Fz,z) = 0 for all z € V. Show that
the linear vector field w = F on V (Problem 11 in §6), restricted to the open
submanifold V'\ {0}, then is tangent along M, to the submanifold M, defined
as in Problem 12.

Hint. In Problem 3 use the “associative law” (za)v = z(av), a € G.

Hint. In Problem 4, use Problem 3 and Theorem 6.1.

Hint. In Problem 5, note that injectivity of (9.3) implies m = r.

Hint. In Problem 6, use Lemma 12.5, Problem 5 above, and Problem 4(b) in §3.
Hint. In Problem 7, last question: no. Consider G (treated as discrete) acting by
translations on M = G with dimG > 0.

Hint. In Problem 10, use the rank theorem (§9) to observe that in suitable local
coordinates for M and N the component functions of v,, are just the restrictions
to M of some component functions of v.

Hint. In Problem 11, note that (dF)v,, =v on M = F(M) (notation as in (6.9)),
F : M — N being the inclusion mapping, and use Theorem 6.1.

Hint. In Problem 12, apply Theorem 9.6 to F' : V\{0} — R given by F(z) =
B(x,z).

14. Whitney’s embedding theorem

Topics: The countability axiom; the Borel-Heine theorem; Whitney’s embedding theorem for

compact manifolds; specific embeddings of projective spaces.

From now on we will assume, whenever needed, that the manifolds in question
satisfy the following condition (which happens to be equivalent to metrizability, as
well as paracompactness, and also to separability of every connected component).

The countability axiom: FEvery manifold admits a countable atlas, that is,
forms the union of a countable family of coordinate domains.

This implies that M has at most countably many connected components. (See
Problem 6.) Thus, the countability axiom fails for a disjoint union of an uncountable
family of manifolds of any given dimension, and so, from now on, we will restrict
the disjoint-union construction to countable families. However, there also exist
numerous examples of connected manifolds, in the sense used so far, that do not
satisfy the countability axiom. They all are, however, quite “pathological” in many
respects, and do not come up naturally in geometry or physics. The only reason why
the countability axiom was not introduced sooner, or made a part of our definition
of a manifold, is that it was not needed before.

To state and prove some important results that do require the above assump-
tion, let us first define an open covering of a subset K of a manifold M to be a
family U of open sets in M whose union contains K. A subfamily of & which
itself a covering of K then is called a subcovering. A family U of open subsets
of M is called a basis of open sets if every open subset of M is the union of a
subfamily of U/. Finally, we say that a manifold M is separable if it admits a
countable dense subset.
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LEMMA 14.1. As a consequence of the countability axiom, every manifold M
is separable, and admits a countable basis U of open sets.

ProOOF. Fix a countable atlas on M and let U be the family of all preim-
ages under the coordinate mappings of open balls in R", n = dim M, that are
contained in images of the coordinate domains and have rational radii and centers

with rational coordinates. The set of all centers of these balls is dense and countable.
O

A family U of sets is said to be subordinate to a family U’ if every U € U is a
subset of some U’ € U'.
The next result is known as the Borel-Heine theorem.

THEOREM 14.2. Given a manifold M satisfying the countability axiom, and a
set K C M, the following two conditions are equivalent:

a. K 1is compact.
b. Every open covering of K has a finite subcovering.

PrOOF. Let K C M be compact. By Lemma 14.1, M admits a countable
basis U of open sets. For any given open covering U’ of K, we may thus choose a
(countable) subfamily {U,}22; of U which itself a covering of K and is subordinate
to U’. Now one of the sets V; = Uls:1 Us contains K, which shows that (a) implies
(b). In fact, if none of the ¥; contained K (while K C [J;2,Y;), then choosing
x; € K\Y; we would get a sequence in K with no subsequence that converges in
K (since a limit of such a subsequence would lie in some Y; along with xz; for
infinitely many [ > s).

Conversely, assume that K is not compact, and fix a sequence x; of points
in K that has no subsequence converging in M to a point of K. The set K’
formed by all the x; is then infinite, and each = € K has a neighborhood U, in
M such that (Uy\{z}) N K’ is empty. The sets U,, for all z € K, clearly form
an open covering of K without a finite subcovering: since each of them contains
at most one point ok K’, any finite family of them contains only a finite subset of
the infinite set K’. This completes the proof. O

REMARK 14.3. Note that (b) implies (a) in the Borel-Heine theorem even for
manifolds that do not satisfy the countability axiom.

PRrROPOSITION 14.4. Every compact C* manifold M satisfying the countability
aziom admits an immersion h: M — RF for some integer k > 1.

PrOOF. Set m = dim M. The family of all open sets U C M for which
there exists a diffeomorphism U — U’ onto an open set U’ C R™ that has a
C> extension M — R™ forms an open covering of M (Problem 24 in §9). By
the Borel-Heine theorem, we can cover M with finitely many of these sets, say,
Uy, ...,Us, with the respective immersions Uy — R"™ having C° extensions F)
to M. Then F = (Fy,...,Fs): M — R™* (Problem 23 in §9). O

Now we can prove Whitney’s embedding theorem for compact manifolds:

THEOREM 14.5. For every compact C*° manifold M that satisfies the count-
ability aziom, there exists an embedding F : M — R! into a Euclidean space of
some dimension .
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PROOF. By Proposition 14.4, there exists an immersion h = (h',...,h¥) of
M in RF. Since h is locally injective (§9), there exists an open set U in M x M
containing the diagonal subset {(z,z) : * € M} and such that h(z) # h(y)
whenever (z,y) € U. Set K = (M x M)\U. For each (z,y) € K select a
C* function fy, : M — R with f,,(z) = 1, foy(y) = 0 (Problem 19 in
§6). Since K is compact, it is covered by a finite number s of the open sets
fog((1/2,00)) % f7((=00,1/2)). Letting f*,..., f* be the corresponding functions
fu.y, we see that for [ = k+ s, the mapping F = (h',...,h* f1... f%): M - R!
is an embedding, which completes the proof. O

Problems

1. Show that a compact subset of a manifold M can intersect only finitely many
connected components of M.

2. Prove that a submanifold K of a manifold M that is compact with respect to its
own manifold structure must have the subset topology (and be a compact subset
of M). Does the subset-topology property follow just from the assumption that
K is a compact subset of M ? (Hint below.)

3. Let V be a finite-dimensional real or complex inner-product space, and let W
be the real vector space

(14.1) W ={Aegl(V): A" = A and Trace A =0}

of all traceless self-adjoint operators in V. Prove that the projective space P(V)
admits a C* embedding F : P(V) — W, which sends every L € P(V) to the
operator A having the eigenspaces L and L' C V with the corresponding
eigenvalues n —1 and — 1, where n = dimV. (Hint below.)

4. For a finite-dimensional real/complex inner-product space V, verify that the
formula

(14.2) (A, A"y = Trace AA'

(involving the real/complex trace) defines an inner product in the real space W
given by (14.1), and that the image F(P(V)) of the embedding described in
Problem 3 is contained in the sphere X' C V of radius /n(n — 1), centered at
0. Show that F(P(V)) = X whenever dimV = 2, and that F then is a C¥
diffeomorphism between P(V) and the sphere X of dimension 1 (V' real) or
2 (V' complex); cf. also Problems 17 — 19 in §3.

5. For V, W, F and Y as in Problem 4, assume that dimV > 3. Prove that the
image F(P(V)) then is a proper subset of the sphere Y. Show that, for any
integer n > 2, the real projective space RP™ can be embedded in R™, with
m = (n? +3n — 2)/2, and the complex projective space CP™ can be embedded
in RY, with ¢ =n? +2n — 1. (Hint below.)

6. Show that, as a consequence of the countability axiom, every manifold M has
at most countably many connected components. (Hint below.)

Hint. In Problem 2, use Problem 4(b) in §3; the answer to the last question is 'no’
(Problem 4 in §9).
Hint. In Problem 3, note that, for any nonzero vector v € V', we have

(14.3) F(Kv) =n {+0) v—1,
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where the dot - is the “blank space” (for the argument), and 1 stands for the
identity operator V. — V. Thus, F is of class C%, since it appears so in the
standard coordinates for P(V') (see §2). The fact that F' is an immersion follows
since it has local “one-sided inverses” of class C¥, as A = F(Kwv) determines
v/f(v) (with f as in §2) via v/f(v) = (A + Du/[f((A + 1)u)] for any vector
u €V with (A+ 1)u # 0. Similarly, F(L) determines L (its only eigenspace for
a positive eigenvalue), so that F is an embedding.

Hint. In Problem 5, use Problem 4 and the fact that the sphere S* minus a point
is diffeomorphic to R” (e.g., via a stereographic projection, defined as in §2).
Hint. In Problem 5, note that the connected components form a family of disjoint
open sets, and such a set must be countable in view of the separability clause in
Lemma 14.1.



CHAPTER 4

Vector Bundles

15. Real and complex vector bundles

Topics: Vector bundles over sets; line bundles; sections over subsets; trivializations; transition
functions; atlases; compatibility; vector bundles of given regularity over manifolds; local/global
regular sections and trivializations; product bundles; tangent bundles; vector fields; tautological
line bundles over projective spaces; tautological vector bundles over the Grassmann manifolds;

affine bundles.

A real or complex vector bundle n over a set B is a family
(15.1) Bax—ny,

parametrized by B, of real or complex vector spaces 7, of some finite dimension
q (independent of x). One then calls ¢ the fibre dimension (or rank) of 7, while
B is referred to as the base of 1. For x € B, the space 7, is known as the fibre of
n over x € B. If ¢ =1, n is called a line bundle.

By a section of a vector bundle 7 as above over a set K C B we mean any
mapping 1 that assigns to each x € K an element of the fibre 7,. The set K
then is referred to as the domain of . When K = B, the section 1 is called
global.) Sections ¢ of n with a fixed domain K can be added valuewise, and
multiplied by functions f on K valued in the scalar field according to the rule
(fv)(z) = f(x)(x) € N, and so they form a module over the algebra of functions
on K.

Let 1 be a vector bundle over a set B, of some fibre dimension q. A trivializa-

tion of n over a set K C B is a g-tuple ey, ..., e, of sections of n over K whose
values ei(2),...,eq(x) form, at each = € K, a basis of the fibre 7,. Instead of
e1,...,eq, we then simply write e,, where a varies in the fixed range {1,...,q}.

For z € K and ¢ € n,, we define the components ¢* of ¢ relative to the trivial-
ization e, over K to be the scalar coefficients of the expansion ¢ = ¢®¢,(x), while
the corresponding scalar-valued component functions ¢* : K - R or 9*: K — C
of any section @ of n over K then are given by ¥*(z) = [¢(z)]*. Thus

(15.2) W =1h", .

Another such trivialization (over a set K’ C B) will be denoted by e, so that
different trivializations will be distinguished by using mutually disjoint ranges of
indices (just like in the case of coordinate systems on a manifold; see §5), usually
without specifying the domain K or K’. The scalar-valued transition functions
ed, on K N K’ then are defined to be just the component functions of the e,
relative to the e, i.e., are characterized by

(15.3) €a = €4€q,

57
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and satisfy
(15.4) ¢ = el ¢
forany v € KN K’ and ¢ € 7,, as well as

(15.5) es = el

in the intersection of all three trivialization domains, whenever three coordinate
systems are involved. In particular, e’ = 6°.

Again, a trivialization e, of 7 is called global if its domain K coincides withe
the base set B.

Consider now a vector bundle 1 whose base set, denoted by M, carries a fixed
structure of a C" manifold, r > 1. By a local section (trivialization) of n we then
mean a section 1 (or, trivialization e,) whose domain is an open set U C M. Two
local trivializations e,, e, with domains U, U’ are called C*-compatible (0 < s < r)
if the scalar-valued transition functions e% on U NU’ are of class C°. The C*-
compatibility relation is symmetric (Problem 1). A C* atlas B for 7 is a collection
of local trivializations which are pairwise C*® compatible and whose domains cover
M. Such an atlas is said to be mazimal if it is not contained in any other C°
atlas. Every C?® atlas B for n is contained in a unique maximal C® atlas Bpax,
formed by all local trivializations of 7 that are C'° compatible with each of the local
trivializations constituting B. We define a C*® wvector bundle over a C" manifold
M (0 < s <) to be any vector bundle 1 over M endowed with a fixed maximal
C* atlas Bpax- Note that, to describe a C® vector bundle n over M, it suffices to
provide just one C*® atlas B contained in its maximal C* atlas By ax.

A local section 1) of a C*® vector bundle 7 is said to be of class C!, 0 <1< s,
if its components ¥® relative to all local trivializations e, forming the maximal
atlas Bpax of 7, are C! functions. This is a local geometric property (§2): to
verify that 1 is C!, we only need to use, instead of Bpax, just any C* atlas B
contained in Bpax. (Problem 2.) Obviously, the set of local C' sections of 7 with
a fixed domain U C M is closed under addition and multiplication by scalar-val-
ued C! functions on U, thus forming a module over the algebra of such functions.
Instead of CV-regularity for local sections of a vector bundle one often uses the
term continuity.

Among all local trivializations e, of a given C® vector bundle 7, those forming
the maximal atlas Bp.x of 1 are characterized by the condition that their con-
stituent local sections e, are all of class C* (Problem 3). From now on, such local
trivializations will simply be called C° local trivializations of 7.

EXAMPLE 15.1. A fixed finite-dimensional real or complex vector space F gives
rise to the product bundle over any base set B, denoted by n = B x F, which is
the “constant” family

(15.6) Bsxw—n, =F.

Its sections over any K C B are just mappings K — F, which gives rise to the
distinguished classes of constant sections (and trivializations). If B =M isa C”
manifold, n = B x F thus becomes a C”" vector bundle with the (non-maximal)
atlas formed by all constant global trivializations.
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ExAMPLE 15.2. The tangent bundle of any C" manifold M, r > 1, is the
vector bundle n =TM over M given by

(15.7) M>zw—mn, =T, M.

The local sections of TM are called (local) vector fields on M (see §6). Each
local coordinate system z7 in M defines a local trivialization p; of TM over the
coordinate domain U, with p;(z) € T,M for © € U defined by (5.20). Since

Dy = p?,pj with pg/ = ;27" (see (5.4), such local trivializations make TM into a
C"1 vector bundle over M.

ExAMPLE 15.3. For any finite-dimensional real or complex vector space V', the
tautological line bundle A over the projective space P(V) (the set of all 1-dimen-
sional vector subspaces of V; see §2), is defined by

(15.8) P(V)3 LA, = L.

Every nonzero scalar-valued linear function f € V*\{0} gives rise to the local
trivialization for A formed by the nowhere-zero local section ey with the domain
U ={L € P(V): f(L) # {0}} (§2), defined by es(L) = v/f(v) € L if L =
Span(v), v € V\{0}. (This happens to be the same formula as for the coordinate
mapping ¢ : Up — f71(1) in §2.) If f, f' € V*\{0}, we have ey = e}c,ef (not
really summed over f, since either of f, f’ forms a one-element index set), with
e}c, (L) = f(v)/f'(v) if L € UgN Uy is spanned by v € V. Thus, each transition
function ejfc, is real-analytic, as its coordinate representation e;, o ¢y has the form
(1) > v f(v)/f'(v), which is a rational function on V'\ Ker f’ restricted to
the open subset f~!(1)\ Ker f’ of the affine subspace f~1(1). The resulting atlas,
parametrized by f € V*\{0}, turns X into a C* vector bundle over P(V).

For a more general construction, see Problem 8.

Problems

1. Show that the C* compatibility relation between local trivializations of a vector
bundle over a manifold is symmetric.

2. Verify that C! regularity for local sections of a C* vector bundle, 0 <[ < s, is
a local geometric property.

3. Show that a local trivialization e, of a C* vector bundle 7 over a manifold M
belongs to the maximal atlas Bp.x of 7 if and only if the local sections e, are
all C*-differentiable.

4. Show that C'-differentiable local sections of a product vector bundle = B x F
over a manifold M are just Cdifferentiable mappings of open subsets of M
into F.

5. Suppose that A is the tautological line bundle over the projective space P(V) of
a given finite-dimensional real or complex vector space V. Let us assign, to each
global section ¥ of A, the scalar-valued function h on V\{0} characterized by
(L) = h(v)v whenever L € P(V) is spanned by v € V\{0}. Verify that this
establishes a bijective correspondence between the set of all global sections
of A and the collection of all functions A on V'\ {0}, valued in the scalar field,
which are homogeneous of degree —1 in the sense that h(av) = h(v)/a for any
v € V\{0} and any nonzero scalar a.
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6. Show that a global section 1) of the tautological line bundle A over the projective
space P(V) of any finite-dimensional real or complex vector space V' is of class
C', 0 <1 < o0, if and only if so is the function h corresponding to 1 as in
Problem 5.

7. Let V be a real vector space with 2 < dimV < oco. Prove that every con-
tinuous global section ¥ of the tautological line bundle A over P(V') has to
vanish somewhere, i.e., the value of ¥ at some point is the zero vector of the
corresponding fibre. (Hint below.)

8. Let V' be a real or complex vector space of real/complex dimension n < oo, and
let g be an integer with 0 < g < n. Generalize the construction in Example 15.3
above by introducing the tautological vector bundle k over the Grassmann man-
ifold Gr,(V) (Problem 2 in §81), with

(15.9) Grg(V) oW =k = W.

Verify that the coordinate mappings for Gr,(V) introduced in Problem 2 in
681, when regarded as local trivializations of k, form a C% atlas, parametrized
by the set of all surjective linear mappings f:V — K? (where K is the scalar
field). This turns & into a C* real/complex vector bundle of fibre dimension ¢
over P(V).
Hint. In Problem 7, the nowhere-zero scalar-valued function h on the connected
set V\{0}, corresponding to ¢ as in Problems 5 and 6, assumes values of both
signs due to homogeneity.

16. Vector fields on the 2-sphere

Topics: Retractions; linear subvarieties of projective spaces; projective lines in projective spaces;
nonexistence of C? retractions of real projective spaces onto projective lines in them; nonexistence
of C? tangent vector fields without zeros on the 2-sphere; nonexistence of global C? sections

without zeros in the tautological line bundles over complex projective spaces.

We will use the symbols D, S! C C for the unit disk centered at 0 in C and
its boundary circle:

(16.1) D={zeC:|z|<1}, S'={zeC:lz=1}.

Given intervals I, I’ of any kind, we will say that a function I x I’ — C is of class
C? if it has continuous partial derivatives up to order s which, in the case where
one or both of I,I’ have endpoints, includes one-sided derivatives. Similarly, we
will refer to a function f : D — C as being of class C?® in polar coordinates if
(r,0) — f(re??) € C is of class C* on I x I' =[0,1] x R..

LEMMA 16.1. Suppose that we are given an interval I C R and a C? mapping
I xR > (r,0) = z(r,0) € C\{0} such that z(r,0 + a) = z(r,0) for some real
a>0 and all €I and 6 € R. Then the integral

(16.2) / Loz 4

is constant as a function of r € I.

PROOF. Using a subscript notation for partial derivatives, we have (z4/2),
(2r/2)g, since both are equal to z,9/z — zr29/2%. Thus, d| [ (z0/2)d0]/dr =
Jolz0/2)r d0 = [}[2-/z]o d6, which equals the increment of z,/z between § =0
and 6 = a, and hence vanishes due to periodicity. This completes the proof. O
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LEMMA 16.2. Given an integer k # 0, there exists no continuous mapping
F : D — C\{0} of the unit disk D C C, as in (16.1), whose restriction to the

boundary circle is given by F(z) = 2*.

PROOF. First, if such a mapping existed, there would also exist a C'°° mapping
with the same property. In fact, applying Corollary 75.2 (in Appendix B) to M =
V =C and K = D, we can select a C* function h: C — C with |h—F| < ¢, for
e > 0 chosen so that |F| > 3¢ on D. Thus, |h| > 2¢ on D by the triangle identity.
Next, there must exist a € (0,1) such that |z¥ — h(2)| < € for all z € C with
a < |z] < 1. (Otherwise, a sequence of complex number z with |z| approaching 1
from below would have |z*¥ — h(z)| > €, and choosing a convergent subsequence we
would get a contradiction with the fact that e > |h — F| = [2¥ — h| at all z with
|z| = 1.) Now let us set F’(z) = h(z) + [2¥ — h(2)][1 — ¢(|2])], with ¢ chosen as
in Problem 18 of §6 for any fixed b € (a,1). That F'(z) # 0 at evere z € D is
clear: F'(2) = h(z) # 0 if |z| < a, while |F' —h| < |2* — h| < & and |h| > 2¢ at
all z € D with |z| > a.

However, a C'°° mapping F with the stated property does not exist: if it did,
Lemma 16.1 applied to z(r,0) = F(re?), for » € I = [0,1], would imply that
the corresponding integral (16.2) is the same at r = 0 as at r = 1, whereas the
two integrals are easily seen to have the values 0 and, respectively, 2kmi. This
completes the proof. O

By a retraction of a set X onto a subset ¥ C X we mean any mapping X — Y
whose restriction to Y equals the identity mapping of Y. Retractions X — Y are
usually of interest only in those cases where they satisfy some regularity conditions
such as continuity or differentiability (or, in the case of vector spaces X, Y, also
linearity).

EXAMPLE 16.3. The Cartesian product X = M x N of C" manifolds M, N
admits C" retractions, given by (x,y) — (z,y0) or (x,y) — (zo,y) onto all “factor
submanifolds” Y of the form M x {yo} or {zo} x N, with any fixed yo € N or
xg € M. Note that all these Y are C” submanifolds, endowed with the subset
topology, of X = M x N (Problem 10 in §9).

EXAMPLE 16.4. When Y is a vector subspace of a vector space X, a retraction
X — Y which is also a linear operator is usually called a projection operator of
X to Y, and amounts to the ordinary Cartesian-product projection ¥ x Y’ — Y
under some isomorphic identification of X with a direct-product space Y x Y’
which makes each y € Y correspond to (y,0). In other words, if dim X < oo, this
may be viewed as a special case of Example 16.3.

The fact that a retraction X — Y of a specific regularity class does not exist
means that Y is positioned in X in some “topologically nontrivial” way (in par-
ticular, not as a factor submanifold in a Cartesian product). For instance, the case
k=1 in Lemma 16.2 can be restated as

COROLLARY 16.5. There exists no continuous retraction F of the unit disk D
in C onto its boundary circle S*.

We know (see Problem 11 in §9) that, for any vector subspace W of a finite-
dimensional real or complex vector space V', the projective space P(W) (which is
obviously a subset of P(V)) is also a C* submanifold of P(V) endowed with the
subset topology. Any such submanifold of P(V') will be called a linear submanifold
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of P(V) or a linear variety in P(V). When W C V is of dimension 2 over
the respective scalar field, we will refer to P(W) as a projective line in P(V).
Note that projective lines are a natural analogue of “lines” in classical elementary
geometry; see, for example, Problem 1.

LEMMA 16.6. Let © : W\{0} — P(W) be the standard projection mapping
defined as in Problem 13 of §3 for a 2-dimensional real vector space W. Then, for
any fixed real-isomorphic identification W = C, there exists a C“-diffeomorphic
identification between the projective line P(W) and the circle S* with (16.1) such
that both identifications together make 7 appear as the mapping C\{0} — S* c C
given by 2+ 22/|2|2.

In fact, for any C\ {0}, the number 22/|z|? determines its square root z/|z|
up to a sign, and hence it determines z up to a nonzero real factor. A fixed real-
isomorphic identification W = C thus gives rise to a bijection h : P(W) — S1
with h(Rz) = 22/|2|, which is a C“-diffeomorphism, as one easily verifies using a
projective coordinate system (cf. the hint for Problem 17 in §3).

LEMMA 16.7. A real projective plane admits no continuous retraction onto a
projective line in it.

PROOF. Assume, on the contrary, that @ : P(V) — P(W) is such a retraction,
where W is a subspace of a real vector space V with dimV =3 and dim W = 2.
Let us fix a real-isomorphic identification W = C and a vector u € VAW = V\C.
Choosing a C“-diffeomorphic identification P(W) = S* as in Lemma 16.6, we now
define F : D — S' (with D, S as in (16.1)) by F(z) = ®(R[z + (1 — |2]*)u]).
(Here z € D € C = W, so that 2+ (1 — |2]2)u € V, R[z + (1 — |2/P)u] =
m(z+ (1 —2*)u) € P(V) and F(z) € P(W) = S'.) Since & is continuous, so
is F. Finally, if 2 € D lies on the boundary circle S!, that is, |z| = 1, we have
F(z) = ®(R2) = &(7(2)) = 7(2) = 22, since n(z2) € PW) as z€e DCC=W
and @ restricted to P(W) equals the identity, while 7(z) = 22/]2|> = 22 by
Lemma 16.6. The existence of such a mapping F contradicts the case k£ = 2 in
Lemma 16.2, which completes the proof. O

COROLLARY 16.8. Let M be a real projective space of any dimension n > 2.
Then M does not admit a continuous retraction onto any projective line in M.

PROOF. If there was such a retraction @ : M — P(W), where M = P(V) for
some real vector space of dimension n+1 and W is a 2-dimensional subspace of V,
then, choosing a subspace V' with W C V/ C V and dim V'’ = 3, and restricting
@ to the linear subvariety P(V’) of P(V), we would obtain a C? retraction of the
real projective plane P(V’) onto the projective line P(W) in it, whose existence
would directly contradict Lemma 16.7. O

The level sets of any mapping F : M — N between sets M and N are, by
definition, the subsets of M having the form F~!(y) with y € N. Thus, M is
the disjoint union of the (nonempty) level sets F~!(y) with y € F(M).

Let M be the set of all orthonormal bases in a given oriented 3-dimensional
Euclidean vector space V' which are also positive-oriented, that is, compatible with
the orientation of V. Clearly, M is an orbit of the Lie group SO(V) acting on
bases of V' as a Lie subgroup of GL(V') (see (12.5) and Example 12.2). Therefore,
M is a compact, connected C* submanifold, endowed with the subset topology,
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of the third Cartesian power V3 of V, and for every fixed (u,v,w) € M the
mapping SO(V) 3 A — (Au, Av, Aw) € M is a C*-diffeomorphism. (All of this
is immediate from Problem 6 in §13.) In particular, dim M = 3 (cf. (12.7)). We
now denote by F : M — S(V) the mapping given by F(u,v,w) = u, where
S(V)={z €V :(z,z) =1} is the (2-dimensional) unit sphere in V.

LEMMA 16.9. Let V = 1+ be the Euclidean 3-space of pure quaternions, ori-
ented through the basis i, j, k, and let M and F : M — S(V) correspond to this
V' as in the preceding paragraph. Then there exists a C“-diffeomorphic identifica-
tion between M and the 3-dimensional real projective space P(H), where H is
the real 4-space of quaternions, which makes all level sets of F appear as projective
lines in P(H).

PRrOOF. The mapping H\ {0} > p — (pip~!, pjp~!, pkp~!) (with quaternion
multiplication and the quaternion inverse p—! = p/|p|?) is constant on L\ {0} for
any real line through 0 in H, i.e., its value does not change if p is replaced by
Ap for any A € R\{0}. Therefore, it descends to a mapping ¢ : P(H) — M
with @)(Rp) = (pip~%, pjp~ !, pkp~!). (Note that the image @(P(H)) coincides
with our manifold M, since every Rp is spanned by some p € S3, while the
homomorphism (12.9) maps S* onto SO(1%1), and so &(P(H)) is the SO(11)-
orbit of the basis (i, j, k).) Also, two elements of S? have the same image under
(12.9) only if they differ at most by sign, while (12.9) is locally C“-diffeomorphic
(see §12); therefore, & : P(H) — M is a C“-diffeomorphism.

The fact that the identification M = P(H) provided by & has the required
properties amounts to saying that, for each u € S(V), the the real vector subspace
W ={p€eH:pi=up} of H (that is, the union of all the lines forming the @-pre-
image of u) is 2-dimensional. However, by (4.10), the left or right multiplication
by any fixed pure quaternion is a skew-adjoint operator in the Euclidean 4-space
H. (This is clear from Problem 13 in §13, as (pz,z) = RepaZ =0 and (z,zp) =
ReZxp = 0 whenever Rep = 0, by (4.10) and (4.11).) Hence, being the kernel of
a skew-adjoint operator, W must be of some dimension m € {0,2,4} (Problem 3;
see also formula (16.4)). Now m # 4, or else p = 1 would be in W (so that
u = 1), but then p = j cannot be in W (as pi = ji = —k, while up = ij =k, cf.
(4.3)). Also, m # 0 since u+ i € W (by (4.20)) and either u+ i# 0, or v = —1i
and then p = j isin W. Thus, m = 2, which completes the proof. O

By a zero of a local section @ of a vector bundle 7 over a manifold M we
mean any point x € M lying in the domain of ¢ and such that ¥(z) = 0. In
particular, we can speak of zeros of vector fields in a C'! manifold M, since they
are (local) sections of T'M.

THEOREM 16.10. Ewvery global continuous vector field on the 2-dimensional
sphere S? must have at least one zero.

PROOF. Suppose, on the contrary, that u is a global continuous vector field
without zeros on the unit sphere N = S(V) in an oriented Euclidean 3-space V.
Since T,N = 2+ C V (Problem 12 in §13), u may be treated as a continuos map-
ping u: N — V\{0}. (In fact, the components of u relative to linear coordinates
in V corresponding to an orthonormal basis e, are d, f,, with f,(z) = (z,e,) for
x € N.) Replacing v with u/|u| we may assume that |u| = 1.

Let M and F : M — S(V) = N be defined, for our space V, as in the
paragraph preceding Lemma 16.9. The existence of u now leads to a homeomorphic
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identification M = S? x S' which makes F appear as the standard projection
S$2x St — §2. The idea is to set w(x) = z xu(x) (vector product), and then assign
to any pair (x,2) = (x,a+bi) € S?x St (with S! asin (16.1)) the orthonormal basis
(z,u,w") obtained by rotating the basis x,u(z), w(xz) about the axis Rx by the
angle 0 with z = ¢, Explicitly, (z,u’,w’) = (z, au(z) — bw(zx),bu(z) + aw(z)).
This assignment is a homeomorphism, since its inverse is given by (z,u/,w’) —
(x,z) with z = (v, u(x)) + «(w',u(x)). Thus, according to Example 16.3, M
would admit a continuous retraction onto any given level set of F, which (in view
of Lemma 16.9) would give rise to a continuous retraction of the 3-dimensional
real projective space P(H) onto a projective line in P(H). The latter, however,
cannot exist as a consequence of Corollary 16.8. This contradiction completes the
proof. O

A vector bundle 1 over a set B can obviously be restricted to any subset B’ of
B, yielding a vector bundle 1’ over B’ with the same fibres 7., x € B’. A section
(or trivialization) of 7 defined on any set K C B can similarly be restricted
to B, giving rise to a section (or trivialization) of 7’ defined on K' = K N B/,
and the transition functions (§15) in 1’ between two such restricted trivializations
are nothing else than restrictions to B’ of the corresponding transition functions
between the original trivializations in 7. Consequently, the restriction of a C*®
vector bundle 7 over a C*® manifold M’ to a C*® submanifold N of M is a
C* vector bundle 1’ over M’ , with an atlas of local trivializations obtained by
restricting to N/ such an atlas in n. Also, any local/global C* section of 7, when
restricted to M’, produces a local/global C* section of 7.

An analogue of Problem 7 in §15 also holds for complex projective spaces:

THEOREM 16.11. Let V be a complex vector space with 2 < dimV < co. Every
global continuous section 1 of the tautological line bundle X over P(V) then must
have at least one zero.

PrROOF. First, we may assume that dimV = 2. In fact, if the assertion is
known to be true for 2-dimensional complex vector spaces, it follows for all complex
spaces V with dimV > 2. To see this, we pick a 2-dimensional subspace W of
V' and restrict the given global continuous section ¥ of A over P(V) to the
submanifold P(W) of P(V), which produces a global continuous section of the
tautological line bundle over P(W) (see the paragraph preceding Theorem 16.11
and Problem 4). Therefore, ¥(L) =0 for some L € P(W), as required.

Let us now assume that dim V' = 2 and, contrary to our assertion, 1 is a global
continuous section of A without zeros. Thus, 1 assigns to every line L € P(V)
a nonzero element ¢ (L) € L. Using a fixed nonzero skew-symmetric bilinear form
2:V xV — C, we can now choose, for each L € P(V), a vector v € V with
2(¢(L),v) = 1 (Problems 5, 6). The coset x(L) = v+ L € V/L\{L} then is
uniquely determined by L (Problem 7). Since ¢ (L) and x(L) form bases of the
1-dimensional vector spaces L and V/L, there exists a unique linear isomorphism
w(L) € Hom(L,V/L) sending ¢ (L) to x(L). However, the natural isomorphic
identification Hom(L,V/L) = Tp[P(V)] (see formula (10.1)) allows us to treat
w(L) as a (nonzero) vector tangent to P(V) at L. In other words, the assignment
L~ w(L) is a global vector field w without zeros on P(V).

Our claim is thus reduced to showing that this vector field w must be contin-
uous. In fact, since the complex projective line P(V) is C¥-diffeomorphic to the
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2-sphere S? (see Problem 4 in §14, or Problem 18 in §3), the existence of a global
vector field w without zeros on P(V) is precluded by Theorem 16.10. Thus, our
assumption that A admits a global continuous section of without zeros leads to a
contradiction.

To show that w is a continuous vector field, we will use the coordinate system
(Ug, ) (§2) for any fixed f € V*\{0}, and verify that the push-forward (dey)w
of w (restricted to Uy) under the coordinate diffeomorphism ¢ : Up — f~1(1)
is continuous as a mapping f~1(1) — Ker f, and hence also as a vector field on
the affine space f~1(1) with the translation vector space Ker f (cf. Example 5.2
and Problems 16 — 17 in §2). Specifically, for any fixed u € Ker f\ {0},

(16.3) [(dg s)w)(v) = [2(v, w)] 7 [A()] Pu,

where h : V\{0} — C is the continuous function such that (L) = h(v)v whenever
v € V\{0} spans L € P(V) (see Problems 5 — 6 in §15). In fact, if v € f~1(1)
spans L, the identification (10.2) makes any F' € Hom(L,V/L) correspond to
the image under the differential of goj?l (i.e., of m) at v of the unique v € Ker f
with Fv = v + Cv € V/Cuv (see §10). For v equal to the right-hand side of
(16.3), the corresponding F' has Fy(L) = h(v)0 + L, with L = Cuv, and so
R@W(L), Fy(L)) =1, i.e., F corresponds under (10.2) to w(L) € T[P(V)]. This
completes the proof. O

Problems

1. Given a finite-dimensional real or complex vector space V', verify that, for any
two distinct projective points L, L’ in the projective space P(V'), there exists a
unique projective line N in P(V) with L,L’ € N.

2. Let V be a finite-dimensional, real or complex inner-product space. Verify
that, for any linear operator F': V — V which is self-adjoint (F* = F') or skew-
adjoint (F* = —F), the subspaces Ker F' and F(V) are mutually orthogonal
and V = Ker F @ F(V) (cf. Problem 26 in §9). (Hint below.)

3. Let F': V — V be a skew-adjoint linear operator in a finite-dimensional real
inner-product space V. Prove that the rank of F' (that is, the dimension of its
image F(V)) then must be even. (Hint below.)

4. Given a vector subspace W of a finite-dimensional real or complex vector space
V, verify that the restriction of the tautological line bundle over P(V) to the
C% submanifold P(W) (Problem 11 in §9) coincides, as a C“ vector bundle
over P(W) (Example 15.3) with the tautological line bundle over P(W).

5. Show that, given a 2-dimensional real or complex vector space V', the vector
space of all scalar-valued skew-symmetric bilinear forms (2 on V is 1-dimen-
sional, and that, for any given basis u,v of V, the assignment {2 — 2(u,v)
provides an isomorphism between that space and the scalar field.

6. Let 2:V xV — K be a nonzero skew-symmetric bilinear form on a 2-dimen-
sional vector space V over a scalar field K (which is R or C). Verify that any
two vectors u,v € V' then are linearly independent if and only if £2(u,v) # 0.

7. For V and {2 as in Problem 6, show that for every u € V\{0} there exists
v € V with 2(u,v) = 1, and that any two vectors v with this property differ
by a multiple of w.

Hint. In Problem 2, orthogonality follows since (F'v,w) = =+ (v, Fw) = 0 whenever
v € V and w € KerF. The direct-sum decomposition now is immediate for
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dimensional reasons, in view of the rank-nullity theorem, which states that
(16.4) dim Ker F 4+ dim F(V) = dimV

for any linear operator F': V — V' between arbitrary vector spaces V,V’.

Hint. In Problem 3, the image W = F(V) is an F-invariant subspace of V. If
dim W were odd, W would contain an eigenvector of F', that is, we would have
Fw = Aw for some nonzero w € W and A € R. However, skew-adjointness of
F then would give 0 = (Fw,w) = AMw,w), so that A = 0 and w # 0 would
simultaneously be in F(V) and Ker F', contradicting the orthogonality property
described in Problem 2.

17. Operations on bundles and vector-bundle morphisms

Topics: Operations on vector bundles; the dual; total spaces of vector bundles; the conjugate
vector bundle; direct sum; pullback; (base-fixing) morphisms; C'! morphisms.

Any algebraic operation that makes new finite-dimensional real or complex
vector spaces out of old ones, gives rise to the corresponding fibrewise construction
for vector bundles. If, in addition, the operation in question is applicable in a
sufficiently “regular” manner to bases of the spaces involved, it can be applied to
local trivializations, which in turn leads to an analogous operation in the category
of C* vector bundles over C" manifolds (s < ).

EXAMPLE 17.1. The dual vector bundle n* of a vector bundle n over a set B
is given by
(17.1) Bsxw—n
with 7% = (n*), defined to be the dual space (n,)* of the original fibre 71, (and we
skip the parentheses as their location is of no consequence). Sections £ of n* and
1 of n, with a common domain K C B, can be paired to produce the scalar-valued
function £(¢) on K with [£(¥)](x) = [£(2)]((¥0)(x)). Thus, any trivialization e, of
n over K defines a trivialization of n* over K, denoted by e®, and characterized

by e%(¢) = ¢p® for ¢ as before (that is, assigning to each x € K the basis e®(z)
of n% dual to the basis e,(x) of 7, in the sense that e®(ep) = d7).

Let n again be a real/complex vector bundle over a set B. By the total space
of 1 we then mean the set (also denoted by 7)

(17.2) n=A{(z,¢):xeM, ¢ecn}.
In other words, 7 is a disjoint union of the fibres 7, :
(17.3) n=J {z} xm).

z€EB

The mapping 7 : n — B given by
m(z,¢) = x

then is called the bundle projection of 7. Furthermore, we will identify each fibre
7 of 1 with the subset {x} xn, of the total space 7. In this way, n is decomposed
into the preimages

Nz = Wﬁl(m)v
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x € B. Any section % of 7, with a domain K = dom(v) C B, may be identified
with the mapping

(17.4) (Id,¢): K —n

given by

(17.5) © o (3,6(),

and then

(17.6) mo (Id,) = Id: K = K.

The graph of 1 then is defined to be the image set of (17.4), i.e.,
graph(¢) = {(z,%(2)) : € dom(¢)}.

We will also treat the base set B as a subset of the total space 7, via the inclusive
mapping

B>z~ (2,0,) €n,
where, this time, 0, stands for the zero vector of the vector space 7,. (Normally,
we just write 0 € 7),..) In other words,

B Cn
is identified with the graph of the zero section of 7.

Fig. 6. The total space of a vector bundle

In the case where B = M is a C" manifold and 7 is a C'° vector bundle over
M (0 < s <), the total space n carries a natural structure of a C® manifold of
dimension n+ ¢, where n = dim M and g is the fibre dimension of 7. In fact, any
local coordinate system 27 for M along with a C*® local trivialization e, for 7,
both defined on the same coordinate-and-trivialization domain U C M, give rise to
the (n + q)-dimensional coordinate system z7,e® for 7, with the domain 7=1(U);
more precisely, the coordinate mapping is given by (z,¢) — (z!,..., 2™, ¢, ..., ¢7).
The bundle projection 7 : 7 — M then becomes is called a mapping of class C*®
between C*® manifolds, in fact, a submersion (cf. Problem 25 in §9). The fibres n,,
x € M, as well as the graphs of all local C* sections of 7, then are submanifolds
of n carrying the subset topology; in particular the zero section M C n is such a
submanifold. (See Problem 7.)
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Fig. 7. The Mobius strip as the total space of a line bundle (Problems 4 and 5)

ExAMPLE 17.2. Given a complex vector space V with the multiplication of
vectors by scalars denoted, as usual, by C x V' 3 (z,v) — zv € V, we define the
(complex) conjugate of V' to be the complex vector space V with the same under-
lying set V' and the same addition of vectors, but with a different multiplication
of vectors by scalars, namely

CxVo(zv)—zZveV.

The conjugate of a complex vector bundle 1 over a set B now is the complex
vector bundle 7 over B with

B>z—mn,,
N, = Mz being the conjugate of the fibre n,. Since 7, and 7, coincide as sets
(and as real vector spaces), sections £ of 7 over any set K naturally constitute
sections of 7. Any trivialization e, of 1 over K thus becomes a trivialization of
n over K.

EXAMPLE 17.3. Given vector bundles n',...,nP over the same set B, their
direct sum is the vector bundle

n=n"®...®n°
over B with n, =nl&...@nE for all x € B. Sections 1 of 11, ..., ¥, of P with
any domain K C B can be treated as sections of 7 by regarding each summand 7},
of n, as a subspace of 7, via the [th-place embedding ¢ — (0,...,0,¢,0,...,0).
Thus, trivializations eq,, ..., €4, of nl,...,nP, respectively, with a common domain

K, can be jurtaposed to form the trivialization eg,,...,eq, of n over K, indexed
by the disjoint union of the respective index sets.

For a vector bundle 1 over a set B and a set B’ along with a mapping
h: B" — B, the pullback of n under h is defined to be the vector bundle h*n over
B’ given by

B' 3y )
that is, (h*n)y = npq). Every section 1) of n over a set K C B can now be
pulled back to h*n, leading to the section h*iy of h*n over h=}(K) C B’ with
(h*9)(y) = ¥(My)) € Nney) = (h*n)y. Applied to a trivialization e, of n over K,
this results in the trivialization h*e, of h*n over h=1(K).

An important special case of the pullback construction is the restriction np
of a vector bundle n over a set B to a subset B’ C B, defined in §16. (Here
h: B’ — B is the inclusion mapping.)

The above constructions of the dual, conjugate, direct sum and pullback can
now be applied to C* vector bundles over any fixed manifold M and, respectively,
C*® mappings h : M’ — M between C" manifolds (s < 7). The corresponding
operations applied to their maximal atlases of C° local trivializations e, yield
atlases of local trivializations in each resulting bundle, thus endowing the latter
with a natural structure of a C* vector bundle. (Mutual compatibility is immediate
from the transformation rules stated in Problems 1, 2.) Again, a special case of
the pullback is provided by the restriction ng of a C* vector bundle 7 over a C*®
manifold M to a C® submanifold N C M.

In the case where n = TM for a C° manifold M (s > 1), the dual n* thus
is a C*~! vector bundle over M which we call the cotangent bundle of M and
denote by T*M (rather than (T'M)*).
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By a (vector-bundle) morphism F :n — (¢ from a vector bundle 7 into a vector
bundle ¢, both over the same base set B, we mean a family

B>z~ F,

of linear operators F} : n, — (,, indexed by x € B. Such a morphism F' sends any
section ¥ of n over a set K C B onto a section F'¢ of ¢ defined by (F)(z) =
F,(¢(z)). Trivializations e, for n and ey for ¢ with the same domain K C B
thus lead to the scalar-valued component functions F) of F, defined on K by the
relation Fe, = Fey. We say that a morphism between C*® vector bundles over a
C™ manifold is of class C' (0 <1< s <r < w) if so are its component functions.
(This is a local geometric property; see Problem 4.)

Problems

1. Show that the transformation rule e, = el e, in a vector bundle 7 over a set
B implies e* = eg/e“ in n* and e, =e%e, in 7.

2. Verify that, given a vector bundle 1 over a set B, and a mapping h : B’ — B, we
have the transformation rule h*e, = (e%0h)h*e, in h*n whenever e, = el e,
in 7.

3. Establish the transformation rule F2 = e%e} F for the component functions
of any vector-bundle morphism F' : 7 — (, assuming that e, = el,e, in 1 and
ex = eﬁ,eA in (.

4. Verify that C! regularity for morphisms between C*® vector bundles over a C"
manifold (0 < < s <r <w) is a local geometric property.

5. For complex vector spaces V, W, denote by Hom (V, W), Hom (V, W) the com-
plex vector spaces of all mappings V' — W that are complex linear (or, re-
spectively, antilinear in the sense that T(\z) = ATz for all A € C, v € V),
with the valuewise addition and multiplication by scalars. Verify that the iden-
tity transformation provides natural isomorphic identifications Hom (V, W) =
Hom (V, W) = Hom (V,W) = Hom(V,W), as wellas V=V and V =V*=
Hom(V, C).

6. For finite-dimensional complex vector spaces V', exhibit natural isomorphisms
V = Hom(V*,C) = [Hom(V, C)]*. (This provides alternative definitions of V'
when dimV < c0.)

7. Prove the claims made in the paragraph preceding Example 17.2.

8. Let n be a vector bundle over a set B. Verify that formula (17.5) establishes a
bijective correspondence between sections of n with any given domain K C B,
and mappings (17.4) satisfying condition (17.6). State and prove the analogous
statement for local C* sections of C* vector bundles over C* manifolds.

18. Vector bundle isomorphisms and triviality

Topics: VecTor-bundle morphisms; isomorphisms of vector bundles; regularity of the inverse
isomorphism; trivial bundles; triviality and global trivializations; nontriviality of TS? and of
tautological line bundles over projective spaces.

Morphisms 1 — ¢ between fixed vector bundles having a common base set B
can be added and multiplied by scalar-valued functions ¢ on B, so that (F+G), =
F, + G, and (pF), = p(x)F, for x € B and morphisms F,G : n — (. (Thus,
they form a module over the algebra of functions on B.) Similarly, the composite
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of the morphisms F : n — 7/, F' : n = 1’ of vector bundles over B is the
morphism F'F :n —n’ given by (F'F), = F.,F,. The zero morphism 0:n — ¢
and the identity morphism Id : n — ¢ are the “neutral elements” of addition and
composition, respectively.

Given vector bundles n and (¢ over the same base set B, a vector-bundle
morphism F' : n — ( is called a (vector-bundle) isomorphism if all the linear
operators F, : n, — (;, * € B, constituting F', are isomorphisms. The inverse
morphism F~':( — n then is defined by (F~1), = (F,)"':{, —n, for x € B.

Recall that a vector-bundle morphism F' : n — ¢ between C? vector bundles
n, ¢ over a C" manifold M is said to be of class C', 0 <1< s <r, if so are the
component functions F; of F relative to all C* local trivializations e, of 7 and
ex of (; this is a local geometric property. Sums and composites of C! morphisms
are again of class C! (Problem 1). Furthermore, if F : 1 — ¢ isa C! isomorphism,
i.e., a vector-bundle isomorphism that is a morphism of class C', then the inverse
isomorphism F~!:( — 7 is of class C! as well (Problem 2). We will say that 7,
¢ are C'-isomorphic if there is a C! isomorphism between them.

A C7 vector bundle n over a C®-manifold M is called C*®-trivial (or just
trivial) if it C*®-isomorphic to a product bundle over M. Also, a C*-manifold M,
s > 1, is said to be C*~!-parallelizable if its tangent bundle TM is C*~!-trivial.

PROPOSITION 18.1. For a C* wvector bundle n over a C" manifold M, s <,
the following two conditions are equivalent:
i. n is C®-trivial.
ii. n admits a C? trivialization e, which is global, that is, defined on the whole
of M.

PRrROOF. Set F = R? or F = C4, where ¢ is the fibre dimension of n over R
or, respectively, C. A global C? trivialization e, for n leads to the C® vector-
bundle isomorphism F : M x F — n, with F, : F — 1, sending each (¢',...,#%)
onto ¢%eq(x). Thus, (ii) implies (i). The inverse implication is clear since M x F
admits global (e.g., constant) C° trivializations e,, which any C®-isomorphism
F: M x F — n will send onto global C* trivializations Fe, for n (notation
of §17). Combining the above proposition with Theorem 16.10, Problem 7 in §15
and Theorem 16.11, we obtain the following results for 7.5% and tautological line
bundles over projective spaces (defined in Example 15.3). O

COROLLARY 18.2. The 2-dimensional sphere is not continuously parallelizable.

COROLLARY 18.3. For any real vector space V with 2 < dimV < oo, the
tautological line bundle X\ over the projective space P(V') is not C°-trivial.

COROLLARY 18.4. For any complex vector space V. with 2 < dimV < oo, the
tautological line bundle X\ over the projective space P(V') is not C°-trivial.

Problems

1. Given vector bundles 7, 1’, " over the same base set B and two morphisms,
F:n—nand G : 1 — 7’ along with trivializations e,, ex, e for the
respective bundles (all having the same domain), verify that (GF)7 = G{F).

2. Let F : » — ( be an isomorphism between vector bundles 7 and ( over
the same base set B. Show that the component functions G of the inverse
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isomorphism G = F~!:( — 7 are related to those of F by GZ;\Fa)‘ = ie.,
as matrix-valued functions, [G4] = [F}] L.

3. Let h: M — N be a C" mapping between C" manifolds, 1 < r < w. Verify
that the differentials dh, of h at all points x € M then constitute a vector-
bundle morphism dh : TM — h*TN of class C™"! and

(181) (dh)p] = (@h“)h*pa,
ie., dh has the component functions (dh)§ = 9;h* in the local trivializations
p;j for TM and h*p, for h*T'N, provided by arbitrary local coordinates 27 for
M and y® for N.

4. Let X\ be the tautological line bundle over the projective space P(V) of any
finite-dimensional vector space V over the field K of real or complex numbers.
(Thus, P(V) is the set of all 1-dimensional vector subspaces of V, while A is
defined by P(V) > L +— A = L.) Prove that the total space of the dual bundle
A* of A is C“-diffeomorphic to the manifold

(18.2) P(V x K)\ {{0} x K}

obtained by removing a point from the projective space P(V@K). (Hint below.)
5. Verify that the Mdbius strip is diffeomorphic to the real projective plane RP?
minus a point. (Hint below.)

Hint. In Problem 4, note that every line L’ through zero in V ¢ K, with the
exception of {0} x K, is the graph of a linear function from a unique line L
through zero in V' (namely, the V-projection of L) into K.

Hint. In Problem 5, use Problems 4 above and Problem 20 in §3.

19. Subbundles of vector bundles

Topics: Subbundles of vector bundles; quotient bundles; Ck—subbundles; the image and kernel

of a constant-rank bundle morphism; the tangent and normal bundles of an immersion.

A wvector subbundle or simply subbundle of a real/complex vector bundle 1 over
a set B is any real/complex vector bundle ¢ over B such that, for every x € B,
(. is a vector subspace of 7,. To express that ( is a subbundle of 7, we will write

¢Cmn
This notation is consistent with our use of the same symbol 7 for both the bundle
in question and its total space (17.2); in fact, the total space of a subbundle ¢
obviously is a subset of the total space of the given bundle 7. (See also Problem 1.)
If ¢ C n, we can form the quotient vector bundle 1n/¢ over the same base B,
with the fibres 7, /(,, © € B, and with the obvious projection morphism

min — n/C.
Let n be a vector bundle of class C* over a C* manifold M. By a C*-subbundle
of 1 we then mean any vector subbundle ¢ of n with the property that, for every
x € M and ¢ € (,, there exists a local section ¢ of ( defined on a neighborhood
of 2 which is of class C* as a local section of 7, and has (z) = ¢. It follows that
in this case ¢ is automatically a C* vector bundle over M with the C*-bundle
structure uniquely characterized by the property that the local C* sections of ¢
are precisely those local sections of ¢ which are C* as local sections of 7. (In fact,
local trivializations of ( obtained using 1 as above for ¢ running through a basis
of ¢, form a C* atlas of local trivializations for ¢, as defined in §15; this is in turn
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clear since, for two such local trivializations, the transition functions are of class
C* as they form, locally, a submatrix of a matrix of transition functions for two
C* local trivializations of 7.)

Similarly, given a C*-subbundle ¢ of a C* vector bundle 7 over a C* manifold
M, the quotient vector bundle 7/¢ carries a natural structure of a C* vector
bundle over M, uniquely characterized by requiring that the w-image of any local
C* section of 1 be a local C* section of 1/¢. (To see this, note that, near any
x € M, the m-images of a suitable subcollection of any system of local C* sections
of 7, trivializing 7 in a neighborhood of z, form a local trivialization of 7/{, and
two such local trivializations are C*-compatible by a submatrix argument similar
to that in the preceding paragraph.)

Let @ : n — ¢ now be a vector-bundle morphism between two vector bundles
1, ¢ over the same base set B. The rank of @ at a point x € B is, by definition,
the rank of the linear operaton @, : n, — (., i.e., the dimension of its image. If the
point x is not specified, the term ’rank of @’ means the function B — Z assigning
to every x the rank of @ at x, and we will say that @ is of constant rank if that
function is constant on B. For every constant-rank morphism & :n — ¢ of vector
bundles over B, the image &(n) of &, with the fibres &,(n,), © € B, forms a
vector subbundle of ¢. Also, in view of the rank-nullity formula (16.4), the kernel
Ker @ of @, with the fibres Ker®,, =z € B, forms a vector subbundle of 7.

PROPOSITION 19.1. The image and the kernel of any constant-rank C* mor-
phism @ : n —  between C* wvector bundles 1, ¢ over a C* manifold M are
C*-vector subbundles of ¢ and 0, respectively.

PrOOF. All we need to do is find local trivializations of &(n) (or, Ker®)
defined in a neighborhood of any given point = € M and consisting of C* local
sections of ¢ (or, n). To this end, let us choose the ranges of indices to be a,b €
{1,...,r} and A\,p € {r+1,...,q}, where r is the rank of ¢ and ¢ is the fibre
dimension (rank) of n. By suitably reordering the sections e1,...,e, forming any
fixed local trivialization of 7 in a neighborhood of z, we may assume that the ®e,
constitute, at x, a basis of @,(n,), and hence that they form a local trivialization of
&(n) near x, as required for the $(n) case. As for Ker @, note that Pey = Hide,
with some C* functions HY, so that ey — H{e, are C* local sections of Ker &,
which also form a local trivialization (since their linear independence at every point
is immediate from that of es,...,e,). This completes the proof. O

Every C* mapping F : M — N between C* manifolds, k > 1, leads to the C*~!
bundle morphism dF : TM — F*(TN) whose action on each T, M, x € M,
is nothing else than dFy, : T,M — TpN = [F*(T'N)],. (Note that dF is of
class C*~1 since so are its component functions 9;F.) If, in addition, F is an
immersion, the morphism dF is injective, i.e., of constant rank dim M. Its image

(19.1) T =dF(TM) Cc F*(TN)

is called the tangent bundle of the immersion F. (Of course, 7 is isomorphic to
TM, via the isomorphism dF : TM — 7.) The quotient bundle

(19.2) v =F(TN)/T

is called the mormal bundle of the immersion F : M — N. In the case where M
is a submanifold of N and F is the inclusion mapping, we clearly have 7 = TM,
while v = F*(T'N)/TM then is referred to as the normal bundle of M in N.
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According to Proposition 19.1, 7 and v as above both carry natural structures
of C*~!-vector bundles over M.

Given real vector space V and W, we will denote by L(V,V,W) the vector
space of all bilinear mappings V' xV — W. There is an obvious natural isomorphism
Hom (V, Hom(V,W)) — L(V,V,W), defined by ¢ — B with B(v,u) = ($v)u for
v,u € V. We will use the symbols S(V,V,W) and A(V,V,W) for the subspaces of
L(V,V,W) formed by those bilinear mappings V' xV — W with are also symmetric
(or, respectively, skew-symmetric).

Let 7 and ¢ be real vector bundles of class C* over a manifold M. A fibrewise
application of the three operations just described leads to vector bundles L(n,n, (),
S(n,m,¢) and A(n,n,¢) over M. Furthermore, £(n,7,¢) is naturally a C* vector
bundle (due to the isomorphic identification Hom (n, Hom(n,¢)) — L£(n,n, (), cf.
the last paragraph). Finally, S(n,7,¢) and A(n,7n,¢) are C* vector subbundles of
L(n,n,¢). Namely, L(n,n,¢) =S(n,n,)®.A(n,n, () and the projection morphisms
are of class C* as vector-bundle morphisms £(n,7,¢) — £(n,n,¢). See Problems 3
and 4.

Problems

1. Verify that, for a C* vector subbundle ¢ of a C* vector bundle n over a
manifold M, the total space of ( is contained in the total space of  as a C¥
submanifold with the subset topology.

2. Let S(V) ={z € V: (z,2) = 1} be the unit sphere in a Euclidean space V.
Verify that the normal bundle of S(V) in V is trivial.

3. Given real vector bundles 1 and ¢ of class C* over a manifold M, verify that
L(n,n,¢) =8(n,1,¢)@®A(n,n,¢) and the projection morphisms are C* vector-
bundle morphisms £(n,n,() — L£(n,n,{) of constant rank.

4. Let 1,¢ be C* vector bundles over a manifold M, and let ¢’ be a C* vec-
tor subbundle of (. Verify that Hom(n,¢’) then is a C* vector subbundle of

Hom (7, ).
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CHAPTER 5

Connections and Curvature

20. The curvature tensor of a connection

Topics: Connections in vector bundles; germ-dependence of the covariant derivative; the com-
ponent functions of a connection; curvature; curvature components; the standard flat connection

in a product bundle.

Let 1 be areal or complex C® vector bundle over a C" manifold M, 1 < s <r,
and let z € M.

As in §5, let us say that two local C! sections of 7 (I < s), defined on neighbor-
hoods of z, are equivalent at z if they coincide on some (smaller) neighborhood of
z. The equivalence classes of this relation are known as C! germs of local sections
of n at z, and they form a vector space as well as a module over the algebra of the
germs of scalar-valued functions in M at z.

By a connection at z in 1 we mean a mapping

(20.1) (v, ¥) = Vot €12

associating an element V,1 of the fibre 7, of n over z with any tangent vector
v € T,M and any local C' section 1) of n defined on any open set containing z,
in such a way that

a. T.M > v~ V¥ €n, is (real) linear when 1 as above is fixed,

b. For a fixed v € T,M, V,1 depends only on the C' germ of v at z,

. V(¥ + @) = Vutp + V¢ for local C! sections 1, ¢ of 7 defined near z,
d. The Leibniz rule (or product rule)

(20.2) Vo (fY) = (duf)¥(2) + [(2) Vo)

holds for all vectors v € T, M whenever 1 is a local C' section of 1 and
f is a scalar-valued C'! function, both defined near z.

o

Intuitively, a connection at z in 7 represents an analogue of the directional dif-
ferentiation with respect to vectors tangent to M at z (see §6), applied to local
sections of 1 rather than real-valued functions; since no such operation is natu-
rally distinguished by the vector-bundle structure of 7, we have to select it as an
additional feature of the geometry in question.

Let us denote by C.(n) the set of all connections at z in 1. When 7 and
z are fixed, the set C,(n) carries a natural structure of a real or complex affine
space of dimension ng?, where ¢ is the (real or complex) fibre dimension of 7,
and n = dim M. The translation vector space is Hom (7, M, Hom(7,,7.)); see
Problem 1 below.

If 27 is a local coordinate system in M, and e, is a local trivialization of 7,
both having the same domain U C M containing z, we define the components of
the connection (20.1) relative to the z7 and the e, to be the scalars ]}Z uniquely

75
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characterized by

(20.3) ij(z)ea =1P ep(2) .

Ja

The IJ'Z then uniquely determine the connection (20.1) at z via the formula

(20.4) Votb = 07 [(0;9)(2) + 30" (2)]ea(2) -
Briefly,
(20.5) Vo = v (070" + [gt)ea,  ie.  (Vo))® = o7 (90" + I3uP),

where the dependence on z is suppressed for clarity. In particular, note that V,
involves ¢ only through the ¥%(z) and (9;9%)(z).

The definition of a vector bundle in §15 can be naturally generalized to that of
an affine bundle, that is a bundle of affine spaces, with the analogous concepts of
fibre dimension (rank), base, fibres, sections (and their domains), as well as local
trivializations, compatibility, and C* affine bundles over C" manifolds, with local
C'! sections (I < s < r). The associated vector bundle of such an affine bundle ¢
with base set B is the vector bundle 1 over B whose each fibre 7, (x € B) is the
translation vector space of the fibre (, of (. For details, see the appendix following
§15.

Every vector bundle naturally constitutes an affine bundle. As our primary ex-
ample of affine bundles other than those, note that every C*® vector bundle 7 over a
C" manifold M (1 < s <) gives rise to a C*~! affine bundle C(n) over M whose
fibre over each z € M is defined to be C.(n), the affine space of all connections at
z in 7. The associated vector bundle of C(n) thus is Hom (7'M, Hom(n,7)).

By a Cl connection in a C* vector bundle 7 over a C" manifold M (0 <
I <s—1<r—1) we then mean a global C' section of the C*~1 affine bundle
C(n). Without introducing affine bundles, we could just define a C! connection in
1 to be a mapping V assigning to each point z € M a connection VZ* € C,(n)
whose components I75(z) with any 29, e, as in (20.3) are C! functions of 2. The
assignments z > ]'J'%(z) then are called the component functions of the connection
V relative to the 27 and the e,, and denoted by I;. Note that C' regularity
of connections is a local geometric property, e.g., in view of Problem 2 below.
Furthermore, for a C' connection in a vector bundle 7 over M, a local vector
field w in M, and a local C! section 1 of 7, both defined on the same open set
U C M, a continuous local section V1) of n can be defined on U by

(20.6) (V) (x) = {i(x)i/)-
We then have the following versions of (20.2), (20.3) and (20.5) for vector fields:

Vw(fw) = (dwf)"/]+fvww7 vpjea = ]_j"}z)zebv

and
(20.7) (Vwt))® = w (0,0 + T3)") .

From now on all connections, vector bundles and manifolds will be assumed
C; most statements can be generalized to much lower regularity, which is left as
an easy exercise for the reader.

Given a connection V in a vector bundle 7 over a manifold M, an open set
U C M, local C' vector fields v,w in M, defined on U, and a local C? section
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¥ of n, also with the domain U, let R(v,w)® denote the continuous local section
of n, given (on U) by

(20.8) R(v,w)y = ViVt — Vi Vith + Vi )1

Then, for any local coordinate system z7 in M, and any local trivialization e, of
7, both having the same domain U C M, we have (see Problem 4)

(20.9) R(v,w)y = vjwkw“Rjkabeb,
with the scalar-valued C*° functions Rj;wb on U given by

(&

(20.10) Rja” = oI}, — 018 + TLIS — IAI, .

In view of (20.9), the operation defined in (20.8) has the remarkable property
that the value [RY (v, w)¥](z) of RY (v,w)y at any point z € M depends only
on the values v(z),w(z) and ¢¥(z) of v,w and ¢ at x. We can thus define the
curvature tensor field R = RV of any connection V in a C'* vector bundle over
a manifold M, to be the the assignment M > x +— RY = RV (), associating with
each x the skew-symmetric bilinear mapping

RY(z): T,M x T,M — Hom(n,,n,),

also written as (v,w) + RY (v,w), which is valued in linear operators 1, — 7,
and characterized by (20.8) for (local) C! vector fields v,w on M and (local) C*
sections v of 7, all three with the same domain. Specifically, RY (v, w) then is
the local section of 1 with [RY (v, w)y](z) = RY (v(x),w(z))[(z)].

By (20.9), the component functions Rjkab of RV relative to any local coordi-
nate system z7 in M and any local trivialization e, of 1, both having the same
domain U C M, thus may be expressed as

Rv(pjvpk)ea = Rjkabeb~
Equivalently,
Rjia” = " [RY(pj,pr)ea] .

REMARK 20.1. The curvature tensor R is, clearly, a C'*° section of the vector
bundle A(TM,TM,Hom(n,n))), defined as at the end of §19.

ExaMPLE 20.2. Every product bundle n = M x F carries the standard flat
connection, often denoted by d (instead of the generic symbol V for connections),
such that d,i is the ordinary directional derivative of any local C! section of 7
viewed as an F-valued function.

Problems
1. Let n be a real/complex C*® vector bundle over a C” manifold M, 1 <s <r,
and let z € M. For V€ C,(n) and F € Hom(7T,M, Hom(7n,,n,)) set

(V+F)yp = Vo + F,(¥(2))

whenever v € T,M and v is a local C' section of 1 defined near z, with
F, = F(v) € Hom(n,,7n.)). Verify that then V + F € C,(n). Prove that this
addition turns (C,(n), Hom (7, M, Hom(n,,7n,)),+) into a real/complex affine
space. (Hint below.)
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Verify the transformation rule

’ ; ’ ’
L = phebey I + el 0jresy

for the component functions I}Z of a connection V in a C*° vector bundle 7
over a manifold M, characterized by (20.2), under any change of the coordinates
2/ in M and the local trivialization e, in 7, with the transition functions
pj-" = ;27 and €2 = e*(eqr).

. Let V be a connection in a C* vector bundle 1 over a manifold M. A local

C1 section v of 7 is said to be V-parallel (or just parallel) if V,% = 0 for
each vector v € T, M tangent to M at any point = in the domain of . Prove
that every V-parallel section ¢ of n is C*° differentiable. What are the V-
parallel sections for the standard flat connection V = D in a product bundle
n=Mx F? (Hint below.)

Verify that (20.8) and (20.10) imply (20.9).

. Given a connection in a vector bundle 7 over a manifold M, verify that in a

given coordinate-and-trivialization domain we have I;Z; = 0 identically if and
only if all the e, are parallel.

. A connection V in a C'* vector bundle 7 over a manifold M is called flat if its

curvature RY is identically zero. Verify that under any of the following three
assumptions, flatness of V follows:

(a) dimM =1.

(b) M can be covered by coordinate-and-trivialization domains with I;Z =0,
where I;l; are the corresponding component functions of V.

(¢) For each € M and each ¢ € 7, there exists a V-parallel local section
¥ of n (see Problem 3), defined in a neighborhood of z and such that
(o) = 6.

Verify that the standard flat connection V = D in a product bundle n = M xF
is actually flat.

. Let V be a connection in a complex line bundle 7 over a manifold M (that

is, a C'*° complex vector bundle of fibre dimension 1 over M). Verify that, at
each x € M, the curvature RV = RY(z) may be regarded as a skew-symmet-
ric real-bilinear mapping T, M x T, M — C, so that, given v,w € T, M and
é € 1y, the element RY(v,w)¢ of 7, is obtained by multiplying the complex
scalar RY(v,w) by ¢ € n,.

. Consider a connection V in a complex line bundle 1 over a manifold M (Prob-

lem 8), and a fixed local coordinate system 27 in M with some domain U C M,

which also is the domain of a C°° local trivializing section e; of 7. Departing

from our usual notational convention, let us use the symbol I (rather than 1311)

for the complex-valued component function of V relative to such a section e;.

Show that

(a) RY(pj,pr) = OxL;—0;I}, where RV(9;,0y) is regarded as a complex-valued
function on U (Problem 8).

(b) I} =1+ (0;f)/f, where I stands for I}ll/, relative to another C'*° local
trivializing section e of 1 over U and the same coordinates x7, and
f:U — C\{0} is the ratio of ey;r and ey, i.e., e; = fe; (in other words,

f=eb).
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10. Verify that the above ad hoc definition of a C! connection in a C* vector bundle
7 over a C" manifold M (0 <1 < s—1 < r—1) describes precisely a C! section
of the C*~1 affine bundle C(n).
Hint. In Problem 1, given V,V’ € C,(n), show that V,1 — V/4 depends only on
v € T,M and 9(z) (rather than on the whole local C! section 1)), by applying the
Leibniz rule to ¢ = ¢%¢,. Thus, V' = V+ F with F € Hom(T,M, Hom(n.,7.)).
Hint. In Problem 3, a V-parallel section i of n satisfies

o0 = — I’

(by (20.7)), and induction on k shows that its component functions 1 are C*-
differentiable for each integer k > 1. In the case of the standard flat connection
V =D in a product bundle n = M x F, the D-parallel local sections are just the
locally constant mappings v : U — F defined on open sets U C M.

21. Connections in the tangent bundle

Topics: Connections on a manifold; the torsion tensor and its component functions; torsionfree
(symmetric) connections; the case of an affine space; twice-covariant tensor fields; the Ricci tensor

of a connection on a manifold; pullbacks of twice-covariant tensors.

Let V be a connection on the manifold M, by which we means a connection
in the tangent bundle TM. For any open set U C M, and local C' vector fields
v,w in M, defined on U, we denote by T(v,w) the continuous vector field
(21.1) T(v,w) = Vyw — Vv — [v,w]
on U. In any local coordinates 7 for M with a domain U’ C U, we then have
(see Problem 1)

(21.2) T(v,w) = vjwkTé-k DI,
with the scalar-valued C*° functions Ték on U’ given by
(21.3) T, =T, — I};.

The I}Ik stand here for the component functions of V relative to the 27, i.e.,
involving the local trivialization p; of T'M, so that

Vo, ok = L

In view of (21.2), the operation defined by (21.1) has the same “tensorial” property
as the curvature in (20.9); namely, the value [T(v,w)](z) of T(v,w) at any point
z € M depends just on the values v(z), w(z) of v and w at z. We can thus define
the torsion tensor field T = TV of any connection V ina TM to be the mapping
assigning to each x € M the skew-symmetric bilinear mapping T, M x T, M >
(v,w) = Ty(v,w) € T, M given by (21.1) for (local) C! vector fields v,w defined
near z in M. By (21.2), the component functions Té-k of T relative to any local
coordinate system z7 in M, given by (21.3), can also be characterized by

T(pj,pr) = Thimi

Equivalently,
T}y, = da'(T(pj,pr)) -
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A connection V in T'M is called torsionfree (or symmetric) if its torsion tensor
field is identically zero. This is the case if and only if, in any local coordinates x7,

(21.4) o= I

The torsion tensor field T is, obviously, a C* section of A(TM,TM,TM) (see
the end of §19).

EXAMPLE 21.1. The natural isomorphic identification T,,M =V for a finite-di-
mensional real affine space (M,V,+) viewed as a manifold (Example 5.2) amounts
to a natural vector-bundle isomorphism between TM and M x V' ; from now on,
we will write TM = M x V. The standard flat connection V = D in TM
(Example 20.2) is torsionfree; in fact, T(v,w) = 0 for constant vector fields v, w.
(Or, I}lk =0 in affine coordinates.)

By a twice-covariant tensor field on a manifold M we mean any mapping b
assigning to every point « € M a real-valued bilinear form b, on the tangent space
T.M. We will usually skip the word 'field’ and simply speak of a twice-covariant
tensor b. Such b is called symmetric or, respectively, skew-symmetric, if so is b,
at every point © € M.

Twice-covariant tensors b on M are nothing else than all possible sections of
a specific C* vector bundle over M, namely, L(TM,TM,M x R) (see the end
of §19), or, in other words, Hom (T'M,T*M). Explicitly, each b, may be viewed
as an operator T,M — T¥M, given by v — b, (v, -)). It therefore makes sense
to speak of their C*-differentiability for k = 0,1,..., 00, which is the same as the
differentiability class of their component functions b;, = b(p;,pr) relative to any
local coordinates x7 in M. Note that the b1 coincide with the components of b
as a section of Hom (T'M,T*M) in the local trivialization corresponding to the 7.

Similarly, twice-covariant tensors which are symmetric (or, skew-symmetric)
coincide with arbitrary sections of the vector bundle S(TM,TM,M x R) (or,
respectively, A(TM,TM,M x R)), defined in §19.

Let V now be a connection on a manifold M. Its Ricci tensor is the twice-
covariant tensor field Ric = Ric¥ on M, defined by requiring, for every z € M,
that the bilinear mapping Ric, : T, M x T, M — R send vectors v,w to

(21.5) Ric (v, w) = Trace [u — R(v,u)w],

the trace being that of an operator T, M — T, M. The component functions of
Ric in local coordinates z7 are traditionally written as R;;. Obviously,

(21.6) Rji = Rju'.

Problems

1. Verify that (21.1) and (21.3) imply (21.2).

2. For a C'* connection V in the tangent bundle TM of a manifold M and a
global C* section F' of the vector bundle Hom (7'M, Hom(T'M,TM)), show
that the torsion tensor field of the connection V+F in TM is given by T + A,
where T is the torsion of V and A(v,w) = Fyw — Fyv for all x € M and
v,we T, M.

3. Given a C'*° connection V in the tangent bundle T'M, write a natural formula
for a (new) connection V' in TM that is torsionfree. (Hint below.)
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4. Let n and ¢ be C*° vector bundles over the same C° manifold M, with local
trivializations ey (for n) and e, (for ¢), both having the same domain U C M.
Given a local C*® section ¢ of 1 a local C® section ¥ of Hom(n,(), both
defined on U, verify that the local section ¥¢ of ( obtained by “valuewise
evaluation” of ¥ on ¢ is also of class C° and has the component functions

el = w56
5. Let b be a twice-covariant tensor field on a manifold M, and let F: N — M
be a C' mapping between manifolds. Verify that the pullback F*b of b under
F, defined by (F7b),(v,w) = bp(,(dF,v,dF,w) for y € N and v,w € TN, is
a twice-covariant tensor field on and that F*b is symmetric whenever b is.
6. For b,F,M,N as in Problem 4, verify the local-coordinate formula (F*b)y, =
(O\F7)(0, F*)bji, and conclude that F*b is of class C* whenever b and F

are.
Hint. In Problem 3, write V/ = V — %T, where T is the torsion of V.

22. Parallel transport and geodesics

Topics: Sections of a vector bundle along a curve; covariant differentiation of sections along
curves; the component formula; the case of the standard flat connection in a product bundle;
sections parallel along a curve in a vector bundle with a connection; spaces of parallel sections;
evaluation isomorphisms; parallel transport; the case of the standard flat connection in a product
bundle; velocity and acceleration; geodesics; straight lines in affine spaces.

Let n be a C real or complex vector bundle over a manifold M. Given an
interval I C R and a C" curve v : I — M, by a C?® section ¢ of n along 7,
0 < s <r < oo, we mean a mapping sending each t € I to ¢(t) € 7, whose
component functions ¢ — ¢*(t) relative to all local trivializations e, of 7, defined
on suitable subsets of I and characterized by ¢(t) = ¢%(t)eq((t)), are of class C*.
(This C* regularity is obviously a local geometric property, as described in §2.)

From now on, dealing with a fixed curve -, we will often use the generic symbol
x(t) instead of ~(t).

Let V be a connection in a vector bundle n over M as above. Given a C!
section ¢ of n along a C! curve I >t z(t) € M, parametrized by an interval
I C R, we define the covariant derivative of ¢ to be the CY section V¢ of n
along the same curve, with the component functions

(22.1) (Va0)* = ¢ + I(x)i'¢",

where () = d/dt, that is, (Vip)®(t) = ¢*(t) + I}%(m(t)):ﬁj(t)gzﬁb(t) for all ¢t € I.
This operation is uniquely characterized by the following “axioms” (see Problems 1
and 2):
a. ¢ +— V¢ is real/complex linear (for a fixed C* curve I >t +— x(t) on a
fixed interval I);
b. Vi(f¢) = fo + fVid for ¢, I and a curve t — x(t) as above, and any
scalar-valued C! function f on I, where f = df /dt;
c. The operation in question is local, that is, when applied to the restrictions of
¢ and the curve as above to any subinterval I’ of I, it yields the restriction
to I’ of the original covariant derivative V;¢ (on I);
d. Vi[¢(z)] = Vypy for local C! sections v of 7, with ¢(x) being the
composite t — ¥(z(t)).
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ExaMPLE 22.1. The standard flat connection V = D in a product bundle
n= M x F (Example 20.2) satisfies D, = d,, for local C! sections of 1 (which
are nothing else than F-valued C! functions) and vectors v tangent to M. Given
~v and ¢ along v as above, we now have (see Problem 3)

(22.2) Dy = ¢,
where () = d/dt is the ordinary differentiation of F-valued C' functions
I>t— ¢t) € My(t) = F.

Let V be a connection in a C'* real or complex vector bundle n over a manifold
M. Given an interval I C R and a C' curve I 3t — x(t) € M, we will say that
a C! section ¢ of n along the curve is parallel if

(22.3) Vip =0

identically. If the curve is fixed, sections parallel along it form a vector space W
(“axiom” (a) in §22). If, moreover, a € I and X € 1,(q) are fixed, the global exis-
tence and uniqueness theorem for (systems of) linear ordinary differential equations
(Appendix C), applied to the system

(22.4) o7 = — Ii(x)il¢".

implies that there is a unique parallel section ¢ with the initial value ¢(a) = x.
ee also Problem 8. e evaluation mapping evy : W — 1) given by

See also Problem 8.) Th luati ; w (a) &l b

W>s ¢ = ¢(a’) € Nz (a)

is, therefore, a linear isomorphism. For a,b € I, the parallel transport (or displace-
ment) from a to b along any C* curve v :I — M is the linear isomorphism

T2(Y)  Myay = M)
with
2(y) = evpo (evy) L.
Thus, 72(v) sends each x € 1,(q) onto ¢(b), where ¢ is the unique parallel section
of n along v with ¢(a) = x.

ExaAMPLE 22.2. Consider the standard flat connection V = D in a product
bundle n = M x F (Example 20.2). For ~, I, a,b and ¢ along v as above, we
see from (22.4) that ¢ is parallel if and only if it is constant as a F-valued C*
function, so that 72(v) : Ty(a) = Ty(b) 1S nothing else than Id : F — F.

Let V now be a connection on the manifold M. Every C? curve v: 1 — M
the gives rise, besides the velocity 4, to its acceleration vector field, also known as
the geodesic curvature of ~y, which is the C? vector field Vi along «. In local
coordinates 7, the component functions of Vi are

(22.5) A (T 0 )37

A C? curve I >t x(t) € M then is said to be a geodesic for V if Vi =0
identically. In local coordinates x7, geodesics are characterized by

(22.6) il + Il (x)ili" = 0.

Thus, for a fixed a € R, and any z € M and v € T, M, there exists an open

interval I containing a and a unique geodesic v : I — M with y(a) = & and
4(a) = v. Moreover, geodesics are automatically curves of class C* (Problem 7).
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Given a connection V on a manifold M, the exponential mapping
(22.7) exp, : U, = M

of V at a point x € M is defined as follows. Its domain U, is the subset of
T, M consisting of all those v € T, M for which there exists a geodesic t +— x(t)
of V defined on the whole interval [0,1], such that z(0) = 2 and 4(0) = v. For
such v and z(t), we set exp,v = x(1). (One traditionally omits the parentheses
around v.) It is obvious from the dependence-on-parameters theorem for ordinary
differential equations that the set U, is open in T, M and contains 0, while the
mapping exp,, is of class C'"*°. Furthermore,

(22.8) the geodesic with z(0) =2 and %(0) =wv is given by x(t) = exp,tv,

as one sees fixing ¢ € [0,1] and noting that the assignment s — z(ts) then is a
geodesic defined on [0, 1], with the value and velocity at s = 0 equal to z and,
respectively, tv. In particular, dlexp,tv]/dt at t = 0 equals v and, obviously,
exp, 0 = x. Thus, the differential of exp, at the point 0 € U, coincides with the
identity mapping T, M — T, M. (Cf. (5.16) and Examples 5.1, 5.3.) According
to the inverse mapping theorem, there exist a neighborhood U of =z in M and
a neighborhood U’ of 0 in T, M such that U’ C U, and exp, : U — U is a
C diffeomorphism. Its inverse diffeomorphism may be thought of as a coordinate
system a7 with the domain U (after one has identified T, M with R”, for n =
dim M, using any fixed linear isomorphism). A coordinate system obtained in this
way is called a geodesic coordinate system centered at x.

ExAMPLE 22.3. The tangent bundle T'M of any finite-dimensional real affine
space M may be regarded as (that is, is naturally isomorphic to) the product
bundle M xV, where V is the translation vector space of M (cf. Example 5.2). The
standard flat connection V = D in M xV thus becomes a connection on M, called
the standard flat connection of the affine space M. It is clear from Example 22.2
that the geodesics of this connection D are precisely all line segments in M with
uniform (constant-speed) parametrizations, along with, all constant curves. For
x € M, the set U, coincides with T,M =V, and exp, : V — M is given by
exXp, v =+ v.

Problems

1. Given a C® real/complex vector bundle 1 over a manifold M, an interval
I CR,a C" curve v: 1 — M, and an integer s with 1 < s < r < o0, verify
that the set of all C*® sections ¢ of n along ~ forms a real/complex vector
space (with valuewise operations), which is also a module over the algebra of all
scalar-valued C°® functions f on [.

2. Given a connection V in a C'* vector bundle 7 over a manifold M, prove that
there is a unique operation ¢ — Vs ¢ satisfying conditions (a) — (d) above, and
that its local component description is provided by (22.1). (Hint below.)

3. Verify (22.2) for the standard flat connection D in any product bundle. (Hint
below.)

4. Prove that

Vie(ry (@0 f) = ' [(Vid)o f]
whenever V is a connection in a C'* vector bundle 7 over a manifold M,
I,I' C R areintervals, I >t~ x(t) € M isa C! curve, f:I' — I isa C!
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function, the prime ’ stands for the derivative d/ds, where s € I’, and ¢ is a
C* section of 7 along t > z(t).

5. Given a connection V on a manifold M, a geodesic ¢ — x(t), and real constants
p, g, verify that s — x(ps + q) is also a geodesic.

6. For a connection V in a C™ vector bundle 7 over a manifold M, an interval
ICR,a C"curve v: 1 — M, 1<r <oo,and a C! section ¢ of n along ~y
which is parallel, show that ¢ is C"-differentiable.

7. Verify that, for a C°° connection V on a C'* manifold M, any geodesic (which
is, by definition, C? differentiable) is actually of class C°°.

8. Let n be a C* vector bundle, endowed with a fixed connection V, over a
manifold M. Given an interval I C R and a C! curve ~: I — M, show that

the isomorphisms 7°(7y) of parallel transport along « satisfy the relations

() =70y), ey =1d, () =T

for any a,b,c € 1.
9. Prove that
f(d
o f) =719 ()
whenever V is a connection in a C'* vector bundle n over a manifold M,
I,I'’ C R areintervals, y: I — M isa C! curve, f:I' — I isa C' function,
/' stands for the derivative of f with respect to the parameter s € I’, and ¢
is a C* section of 7 along 7.
Hint. In Problem 2, uniqueness: writing ¢(t) = ¢*(t)e,(x(t)) and using the “ax-
ioms” (a) — (d), we obtain (22.1). Existence: defining V;¢ locally by (22.1), we
see that, in view of its uniqueness, this formula produces the same operation in the
intersection of any two coordinate-and-trivialization domains.
Hint. In Problem 3, use formula (22.1) or, equivalently, the “axioms” (a) — (d).

23. The “comma” notation for connections

Topics: The homomorphism-bundle construction; bundle morphisms as sections of the homo-
morphism bundle; tensor multiplication of sections; the case of differentiable vector bundles over
manifolds; covariant derivative V1) as a (local) section of a homomorphism bundle; the “nabla”

and “comma” notational conventions for covariant-derivative components.

Suppose that V' and W are two finite-dimensional real/complex vector spaces.
For any £ € V* and w € W we define the tensor product &w € Hom (V, W) to be
the linear operator V' — W given by

(23.1) [w](v) = &(v)w

for all v € V. The tensor multiplication thus defined is clearly a bilinear operation
V*x W — Hom(V,W). Given a basis ey of V and a basis e, of W, let e* denote
(as in §17) the basis of V* dual to the basis ey in the sense that e*(e,) = ;. The
tensor products e’e, then form a basis of Hom(V,W). In fact, denoting by Fy
the components of any given F € Hom(V, W) relative to the bases ey and e,
(that are characterized by Fey = F{e,, i.e., Fy = e%(Fey)), we thus have

F = Fiete,

for each F' (since both sides applied to any e, yield the same value Fe, = F, gea).
On the other hand, if for some coefficients F{ the combination F = F{e’e, is the
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zero operator, we have F;fea = Fe, = 0 and so the Fﬁ are all zero as the e, are
linearly independent.

Let  and ¢ be vector bundles over the same base set B. By the morphism
bundle of n and ¢ we then mean the vector bundle x = Hom(n, () over B with the
fibres x, = Hom(n,,(,), * € B. For instance, vector-bundle morphisms n — ¢
(§17) are nothing else than global sections of Hom(n, (). Given trivializations ey
for n and e, for ¢, both having the same domain K C B, we can now use valuewise
tensor multiplication to obtain the trivialization e*e, for Hom (7, (), also with the
domain K. Since tensor multiplication is bilinear, we have the transformation rule
(23.2) New = €} elete,

(sf. Problem 1 in §17). Given a section ¥ of Hom(n,(), defined on K, we will
denote by W{ its component functions relative to the trivialization e*e,, so that

U= wicte,.

Consequently, in the case where 1 and ( are C°° vector bundles over a C
manifold M, Hom (7, () naturally becomes a C*° vector bundle over M, with the
atlas of local trivializations e*e, obtained using local trivializations ey for n and
eq for (. The tensor product £¥ of a local C® section ¢ of n* and a local C*
section v of (, both defined on the same open set U C M, then obviously is a
local C* section of Hom(n, (), with the component functions

[EY]8 = &,

that is, £ = &y erey, which is due to bilinearity of the tensor multiplication.
Finally, let V be a connection in a C°° vector bundle n over a manifold M.
For any a local C' section v of 7, we define the covariant derivative Vi of 1 to be
the local section of Hom (7'M, n), with the same domain as ¢, whose value (V)), €
Hom (T, M,n,) at any z in the domain of ¥ is given by (V). (v) = V,¢ € ), for
all v € T, M. In any local trivialization e, and coordinates a7 at z, the covariant
derivative V1) then has the component functions (Vzb)? characterized by

(V)i = (V) ()" = e*(Vp,¢) -

Instead of (Vi/})‘;, it is usually convenient to use the symbol V;¢® or, when the
connection in question is fixed, simply ¢ ;. Thus, we write

(23.3) V5 = Vit = (VY)f,

and so, for v as above,
(va)a = ija,ju va = /ija,jea-
Consequently (see Problem 2)

(23.4) Vi = ¢ dale, .
Furthermore, by (20.7),
(23.5) W5 = 0 + Iyl

In the special case where V is a connection in the tangent bundle TM and w is
a (local) C! vector field, (23.5) becomes

(23.6) wh ;= 0;uF + Tjw.
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REMARK 23.1. It must be emphasized that the symbol ¥* ; = V;9* in (23.3)
does not stand for the result of applying some operator V; (or () ;) to the scalar-
valued function ¢®. In fact, it is clear from (23.5) that ¥ ; also depends on the
functions ¥’ with b # a.

Problems

1. Establish (23.4).

2. For a C*° connection V in a vector bundle 7 over a manifold M and a global
C® section F' of the vector bundle Hom (7'M, Hom (n,n)), verify that the com-
ponent functions of the connection V + F in 1 equal I + FJj, where Fj
denote the component functions of F' with Ff, = e*(F(p;,ep)).

3. Let n be a real or complex C°° vector bundle over a manifold M, and let nv
denote the restriction of n to a fixed open submanifold U of M, i.e., the vector
bundle

Usxz—=nY =n;.

(Thus, nv is nothing else than the pullback of 7 under the inclusion mapping

U — M.) Verify that every connection V in 7 gives rise to a unique connection

Vv in nv with [VV],9 = V4 for any x € U, any v € T,.U, and any local C*

section 1 of nY defined on a neighborhood of z (so that v is, obviously, also a

local C! section of 7). We then call VU the restriction of V to U. Show that

(a) The component functions relative to any coordinates 2/ in M and any
local trivialization e, in 7Y with the coordinate-and-trivialization domain
contained in U, coincide with the respective component functions F]l(’l of
V.

(b) Given a family B >  — Ug of nonempty open sets in M whose union is
M and a connection V(%) in the restriction of 1 to each Ug, such that the
restrictions of V¥ and V) to Ug N Up coincide whenever 3,5 € B
and Ug NUg is nonempty, there exists a unique connection V in 7 whose
restriction to each Ug equals V(). (Hint below.)

Hint. In Problem 3, define V,¢ for x € M, v € T, M, and a local C' section

1 of 1 defined on a neighborhood U of z to be Vv(B)z/) for any 8 with x € Ug

and 1 restricted to UgNU. This is independent of the choice of 3 in view of the

germ-dependence of the covariant derivative ((b) in §20).

24. The Ricci-Weitzenbock identity

Topics: The Hom operation for connections; the special case of the dual connection in the dual

bundle; higher-order covariant derivatives; the Ricci-Weitzenbock identity.

In most of our discussion we will use the generic symbol V for all connections
we encounter, the only exceptions being the case where more than one connection
in the given vector bundle 7 is studied, and the case of the standard flat connection
in a product bundle n = M x F (denoted by D rather than V, cf. Example 20.2).
Since sections to which two such connections V are applied then live in different
bundles (and so their components are labeled with different sorts of indices), no
confusion is likely to arise. The same convention applies to the “comma” notation
(523).

Let there be given two connections, both denoted by V, in two C° real/com-
plex vector bundles n and ¢ over a manifold M. Recall (§23) that we can form
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the homomorphism bundle Hom (7, ¢), which is also a C*® vector bundle over M,
and has the fibres Hom (7, (;), © € M. Two local trivializations, e, for n and ey
for ¢, both with the same domain U C M, give rise to the “tensor-product” local
trivialization e®ey for Hom(7, (), defined on U. (See §23 for details.)

Dealing with a local trivialization e®ey as above, we obviously must modify
our notational conventions. Namely, the role of the superscript , in the “generic”
natation e, for local trivializations of vector bundles (§15) now is played by the
two-tiered double index §. The corresponding upper indices ¢ (such as those in
1 = YP®e,, for sections 1)) now have to be replaced with the inverted double indices
A, appearing in the analogous expansion F' = Fe%ey of sections F' of Hom(7,()
(with a double summation, over ¢ and ). Any connection V in Hom(n, () thus
has the component functions I3} with

(24.1) Vp, (eex) = L5y e, .

PROPOSITION 24.1. Given two connections, both denoted by V, in C* real
or complex vector bundles m and ( over a manifold M, there exists a unique
connection in the real/complex vector bundle Hom(n, (), also denoted by V, which
is characterized by the requirement that, writing ¢, F' instead of ¢(x) and F(x),
we have

(242) VU(F¢) - (VUF)¢ + F(vaﬁ)

for every open set U C M, every point x € U and vector v € T,M, and any C*
local sections F of Hom(n,() and ¢ of n, both defined on U. The component
functions Fjig of this unique connection V, defined by (24.1), are given by

(24.3) LS = S - 8%,

while, for any F as above, VF has the component functions
A A A b A

(24.4) Fp; = 0;F3 + I, Fy — L Fy .

PROOF. The uniqueness part and formula (24.3) are obvious, since (24.2) de-
termines the action of each V,, on all local trivializing sections F' = e®e). Namely,
using this F' and ¢ = ep, we obtain F'¢ = dfey, and so (24.2) with v =p; at «
(for any fixed local coordinates /) gives (24.1) with I3} as in (24.3).

To establish existence of V, let us define V by (24.1) with (24.3) (replacing the
bundles with their restrictions to the coordinate-and-trivialization domain). Now
(24.4) is immediate from (24.3) and the general formula (23.5), which in turn easily
gives (24.2). The fact that two connections defined (locally) in this way coincide in
the intersection of the respective coordinate-and-trivialization domains is obvious
from the just-proven uniqueness assertion. This completes the proof. O

A particularly interesting special case of the Hom operation occurs when the target
bundle ¢ is the product bundle M x K, K being the scalar field. Obviously,
Hom (7, () then is nothing else than the dual n* of the given bundle 1. Any given
connection V in 7, combined with the standard flat connection V = d in the
product bundle ( = M x K (Example 20.2), gives rise to the connection (also
denoted by V) in the dual bundle n* = Hom(n, ), called the dual of the original
connection V in 7). Given C' local sections &, ¢ and v of n*, n and, respectively,
T M, all defined on the same open set, we then have
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which is nothing else than (24.2) for F' = £. Also, since { = M x K has the
global trivialization consisting of the constant function 1, the tensor-product local
trivializations e%ey for n* = Hom(n, ) contain a naturally distinguished subatlas
formed by those e®ey in which ey is the constant function 1; such e%e) are in
turn nothing else than the e?, i.e., the duals (see Example 17.1). of all local C*°
trivializations e, of 1. (In fact, the tensor product &w € Hom(V,W) of £ € V*
and w € W, defined by (23.1), is nothing else than the valuewise product of the
scalar-valued linear function £ on V with w treated as a constant W-valued
function on V.) As the component functions I} of the standard flat connection
d then are identically zero (see Example 20.2 and formula (20.3)), relations (24.1)
and (24.4) (with F' = £) become

ga,j = 3jfa - ]}Zfb, ijea — —]}%eb,

In other words, the components (relative to e®) of the dual connection in n* are
obtained from those of the original connection in 7 by changing the sign and, in
addition, switching the roles of upper and lower indices.

Suppose now that V is a connection in the given vector bundle 7 over a
manifold M and, in addition, we also have a fixed connection (also denoted by
V) in the tangent bundle TM. A local C*® section ¥ of n, s > 1, defined on
an open set U C M, gives rise to the covariant derivative Vi, which is a local
C*~1 section of Hom(T'M,n), with the same domain U (§23). However, the
bundle Hom(7T'M,n) now carries the connection obtained as in Proposition 24.1
using the original connections in T'M and 7. Thus, as long as s > 2, we can
define the second covariant derivative of 1, denoted by V21, which is nothing else
than the local section V (V) of Hom(T'M, Hom(TM,n)). This can be repeated
again, up to s times, leading to the covariant derivatives of orders r=1,2,...,s,
with V("¢ = V(V=De), which live in Hom-bundles of increasing complexity
(depending on 7).

Let us now examine in some detail the second covariant derivative of v as
above (with s > 2). At any given point « € U, V (V) sends any vector v € T, M
to an operator, which in turn assigns to every w € T, M the element

(24.5) [Vo(VY)w € ne .

However, from (24.2) (with F = V¢ and ¢ = w), [Vu(VY)|w = V,[(VY)w] —
(VY)[V,w), i.e., for Ct vector fields ,v,w,

(24.6) Vo (V) ]w = V, Vi) — Vy,wt) .
We can now establish the Ricci- Weitzenbock identity
(24.7) Vo (Vi)lw — [Vu(VY)v = R(w,v)¢,

valid for any local C? section 1) of a C™ vector bundle 1 over a manifold M
endowed with any connection V, with the curvature tensor R, and any fixed con-
nection in TM which, in addition, is torsionfree. (About the non-torsionfree case,
see Problem 6.) In fact, (24.7) is immediate from (24.6), (20.8) and the assumption
that the right-hand side of (21.1) vanishes.

Since the dependence of (24.5) on v, w is real-bilinear, we have

(24.8) Vo (V)]w = vkijad-kea,
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where 9® ;i = ¥ jip(x) is the value at z of the function [V,, (V¢)]p;. Thus, from
(24.6) and (20.4) (or, equivalently, from (24.4) applied to F = V),

(24.9) Pk = Yy + LYY — LLvta,
which can be further rewritten as
U gk = O+ O + L0, + L Low® — L0 — LI,

From (24.8) we also easily obtain the component version of the Ricci-Weitzenbock
identity (24.7):

(24.10) P gk — Pk = Rigp Y’

In the case where n =TM and the same tosionfree connection V in T'M is used
in both roles, (24.10) becomes

(24.11) le’k — wl7kj = Rjksl’ws
for local C? vector fields w. We then also have (see Problem 7)

(2412) stws = ws,js — ws75j .

Problems

1. Let V be a connection in the tangent bundle of a manifold M, and let f :
U — R be a C? function on an open subset U of M. The second covariant
derivative Vdf of f then can be defined as in the general case (with f treated
as a local section of the product bundle n = M x R endowed with the standard
flat connection d). Verify that Vdf then coincides with the covariant deriva-
tive of the local section df of the cotangent bundle T*M (§17) relative to the
connection in T*M dual to V, while relations (24.6) and (24.9) become

(2413) i) [Vo(dNw = dodwf — dv,uf, 1) fiu = 0k0if — Iiifu.

2. Let M, V, U and f be as in Problem 1. The value of Vdf at every point
x € U may be treated as a bilinear form, sending tangent vectors v,w € T, M
to (Vdf)(v,w) = [V, (df)]w = vIw* f jj,. If, in addition, V is torsionfree, then,
at every x € U, the form (Vdf)(z) is symmetric. Derive this fact from:

(a) formula (24.13.i),
(b) relation (24.13.ii),
(¢) the Ricci-Weitzenbock identity (24.7) (or (24.10)).

3. Prove that the covariant differentiations of C' sections along any C' curve
t — x(t) € M relative to a connection V in a vector bundle 1 over a manifold
M and its dual connection V in n* are related by

(24.14) (Vi) () = [£(0)]" — &(Vad)

for such sections ¢ of n and & of n*. (Hint below.)
4. Given a connection V in the tangent bundle of a manifold M and a C? function
f:U — R onanopenset UC M, verify that, for every geodesic ¢ — z(t) € U,

(24.15) [f(@)]" = (Vdf)(z,2),
that is, d2[f(z(t))]/dt® = [(Vdf)(z(t)](&(t), (). (Hint below.)
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5. Verify that the connection in Hom (7'M, n), described in Proposition 24.1 can,
instead of (24.2), be also uniquely characterized by

Vv(&m = (VUE)T/J + f(vv"/])

for local C! sections & of n* and 1 of (. (Hint below.)

6. Generalize the Ricci-Weitzenbock identity (24.7) to the case where the connec-
tion in TM has an arbitrary (not necessarily vanishing) torsion tensor field T.
Write the corresponding component version (as in (24.10)). (Hint below.)

7. Prove (24.12). (Hint below.)

Hint. In Problem 3, we may use formula (Vi) = £, — I} (x)i7&, (that is, (22.1)
for the dual connection) or, equivalently, the “axioms” (a) — (d) in §22.

Hint. In Problem 4, use (24.14) for n = TM, § = (df)(z) and ¢ = &. An-
other option is the following direct argument: from the chain rule d[f(z(t))]/dt =
29 (t)(0; f)(z(t)) we obtain

% Fla(t) = & (8)(0;£)(x (1)) + & ()3" () (9;0n f) (x(t))

for any C? function f and any C? curve ¢+ x(t) in a manifold M, and arbitrary
local coordinates 27 in M. Now (24.15) is immediate from (24.13.ii) and (22.6).
Hint. In Problem 5, use (24.4) and the fact that

(Ev)a = &

Hint. In Problem 6, the formulae are
[VU(VQZ))]’UJ - [VW(Vw)]U = R(wﬂ))w + VT(w,v)"/}'
U gl — %k = Ry Y’ + Thy,

Hint. In Problem 7, obtain (24.12) by contracting in k = [ the Ricci-Weitzenbock
identity (24.11).

25. Variations of curves and the meaning of flatness

Topics: Sections of vector bundles defined along mappings from a rectangle into the base mani-
fold; their partial covariant derivatives relative to a connection in the vector bundle; a component
formula; partial derivatives of a rectangle mapping, treated as as vector fields along the mapping;
a curvature formula of the Ricci-Weitzenbock type; manifolds with connections as configuration
spaces of mechanical systems with constraints; geodesics as trajectories of free pointlike parti-
cles; the curvature as the infinitesimal shape-deformation factor for a geodesic segment set in free

motion.

A C* mapping F of a rectangle X = [a,b] x [¢,d] into a manifold M may
be referred to as a variation of curves [a,b] 5 t — F*(t) = F(t,s) € M, each of
which corresponds to a fixed value of the wvariation parameter s € [c,d]. When
F(a,s) =y and F(b,s) = y for some y,z € M and all s € [¢,d], F is also
called a C* homotopy with fixed endpoints between the curves F¢ and F?; if such
a homotopy exists, one says that the curves F°¢ and F? connecting y to z are
C*-homotopic with fized endpoints.

Let 1 be a vector bundle over a manifold M, and let ¢ be a section of n
along a C* mapping F : X — M, where X = [a,b] x [c, d], that is, an assignment
of an element ¢(t,s) of the fibre npq 4 to each (¢,5) € X. (In other words, 1)
is a section of the pullback bundle F*1n.) We say that ¢ is of class C* if its
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components ¢® relative to any local trivialization e, of 1 are C*-differentiable
functions of (¢,s). If k> 1, we can now define the partial covariant derivatives ¢4
and ¢, relative to a fixed connection V in 7 to be the C*~! sections of 1 along
F', obtained by covariant differentiation of ¢ treated as a section along the curve
F(.,s) or F(t,-) (while s or t is kept fixed). Writing x(¢,s) instead of F(t,s),
we see that

(25.1) O(t,5) = [Via(o (0 DI@), ds(t,8) = [Viwg, (8(E,)](5)
so that

@ J
¢r = ¢t (eq 0 F), where ¢?:%+(F%OF)8L¢b7
(25.2) ot J ot
| a a 8¢a a GFJ
¢s = ¢p3(ea o F), where ¢ = s +(Fjbop)¥¢b.

We call ¢¢ and ¢2 the component functions of ¢; and ¢s. Let us also set (still
with z(¢,s) = F(t, s))

(25.3) zi(t, s) = [z(-, 9)] (1), zs(t,s) = [z(t, )] (s)
so that

. . J . . J
(054) m=silpor), a="0  =dpor), =
Taking in turn the partial covariant derivatives of ¢; and ¢s (when k > 2), we
obtain the second-order partial covariant derivatives ¢y = (d1)t, drs = (Dt)s,
dst = (¢s)r and ¢ss = (ds)s. It is now easy to verify that, if k > 2,
(255) Rv(mty xs)(b = ¢)ts - ¢st .

where both sides are C*~2 sections of 7 along the mapping (¢,s) — z(t,s). (In
fact, (20.10) and (25.2) easily yield R alak¢® = ¢& — ¢%,.)

LEMMA 25.1. Suppose that V is a flat connection in a vector bundle 1 over a
manifold M, while z,y € M and F°,F! :[a,b] = M are C? curves in M that
connect xz to y. If F® and F' are C?-homotopic with fized endpoints, then they
give rise to the same V-parallel transport 1y — 1.

PROOF. Choose a fixed-endpoints C? homotopy F : [a, b] x[0,1] — M between
F?and F'. For any given ¢ € 1,, let ¢(t,s) € np(,s) be the image of ¢ under the
parallel transport along the curve [a,t] 3¢ — F*(t') = F(¥,s). Since RV =0 and
¢y = 0, (25.5) yields ¢s = 0, that is, ¢ is parallel in the ¢ direction. Therefore
¢s =0, as ¢s(a,s) = 0 (due to our initial conditions F'(a,s) = z, ¢(a,s) = ¢).
Setting t = b, we now obtain constancy of the curve [0,1] 3 s +— ¢(b,s) € n,. O

The following basic classification result states that any flat connection looks, locally,
like the standard flat connection in a product bundle:

LEMMA 25.2. Any flat connection V in a vector bundle n over a manifold
M admits, locally, a local trivialization e, consisting of parallel sections. In other
words, every point of M has a neighborhood U such that for each y € U and
any ¢ € ny there exists a unique parallel local section ¢ of n, defined on U, with

Y(y) = ¢.
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ProoF. Fix x € M and identify a neighborhood U of x with an open convex
subset of R", n = dim M. For any given ¢ € 1, we can construct a parallel
section ¢ of n restricted to U with ¢(x) = ¢ be defining (y), for y € U, to
be the parallel translate of ¢ along any C? curve connecting = to y in U; by
Lemma 25.1, this does not depend on the choice of the curve, as two such curves
admit an obvious fixed-endpoints C? homotopy due to convexity of U. Our e,
now may to be chosen to be the parallel sections of 7 restricted to U with e,(x)
forming any prescribed basis of 7. O

Problems

1. Prove (25.5) for C? sections ¢, along C? mappings [a,b] X [c,d] > (t,5)
x(t,s) € M, in a C* vector bundle n with a fixed connection V over a manifold
M, where the partial covariant derivatives ¢, ¢s of ¢ and partial-derivative
vector fields x;, x, are given by (25.1), (25.3), while ¢rs = (¢¢)s, Pst = (Ps)t-
(Hint below.)

2. Let T be the torsion tensor field of a connection V on a manifold M. Prove
that, for any C? mapping (¢,s) — z(t,s) € M,

Tts — Tst = T(x& It) )

where ¢ € [a,b] and s € [e,d], =, x5 are the partial-derivative vector fields
given by (25.3) or (25.4), and s = (24)s, st = (T5)t-
3. Let V be a torsionfree connection on a manifold M. Verify that

(25.6) Tist = Tpps — RV (T4, T6) Ty, Tsst = Tops — R (T4, T5)

for any C® mapping (t,s) — z(t, s)inM.

4. Given a manifold M with a torsionfree connection V in T'M, interpreted as the
configuration space of a mechanical system with constraints, let a C'*° mapping
of a rectangle [a,b] x [c,d] into M consist of time-parametrized trajectories
[a,b] © t — x(t,s) of pointlike particles labeled with real numbers s € [c,d].
Suppose that each particle is moving freely, i.e., its trajectory is a geodesic, so
that

Tt — 0

identically in K, and that at the initial moment ¢ = a the particles form a
geodesic segment (a “straight bar”):

Tosley =0,
and are set in motion so as to have “the same” initial velocity:
Tts ‘t:a = O .

Show that, if V is flat in the sense that its curvature RV is identically zero,
the bar will retain its straight shape at all times, that is,

Tes =0

everywhere in K.

5. Let V be a connection on a manifold M (i.e., in the tangent bundle TM).
Recall that the geodesic curvature of a C? curve v : I — M is the vector field
V7 along 7 (which is identically zero if and only if 7 is a geodesic). Verify
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that, given another interval I’ and a C? function ¢ : I’ — I, the geodesic
curvature of the composite curve yo ¢ : I' — M is given by

(25.7) Viog [0 9] = (ViF 0 0)9? + (Y0 0)¢.
(Hint below.)

6. Let V be a connection on a manifold M, and let v : I — M be a C? curve
defined on an interval I C R. Prove that the following two conditions are
equivalent:

(a) V4% = h?¥ for some continuous function h: I — R.

(b) v is an unparametrized geodesic in the sense that there exists an interval
I' and a C? function ¢ : I’ — I such that ¢(I') = I, ¢ # 0 everywhere
in I’ and yop:I' — M is a geodesic. (Hint below.)

7. Is the word ‘continuous’ necessary in (a) of Problem 67 (Hint below.)

Hint. In Problem 1, use (25.2) to obtain ¢;s — ¢sp = Rjkabx{a:fqﬁaeb with Rj;mb
given by (27.10).

Hint. In Problem 5, note that the components of V7 are given by the left-hand
side of 22.5).

Hint. In Problem 6, (b) implies (a) in view of (25.7). On the other hand, assuming
(a), choose an antiderivative H : I — R for h and an antiderivative ¥ : I — R
for e~ and use the inverse mapping ¢ = U~ : I’ — I, where I’ = U(I).

Hint. In Problem 8, yes: in R? with the standard flat connection, consider = :
R — R? given by ~(t) = (f(¢), f(—t)), where f:R — R is the C* function with
f(s)=e"1* for s >0 and f(s) =0 for s <0 (Problem 12 in §5).

26. Bianchi identities

Topics: Sections parallel at a point; their existence for any prescribed value at the point; vanish-
ing of connection components at a point; vanishing of connection components at a point; the effect
of the Hom operation on curvature; the case of torsionfree connections in the tangent bundle; the
first Bianchi identity for torsionfree connections in tangent bundles; the second Bianchi identity

for arbitrary connections in vector bundles (when the connection in T'M is torsionfree).

Let V be a connection in a C* vector bundle 7 over a manifold M and let
z € M. Alocal C! section 1 of 7 is said to be V-parallel at z (or just parallel
at z) if its domain contains z and (V)(z) = 0, that is, V,¢p =0 for each vector
v € T, M. Similarly, a local trivialization e, of n defined on a neighborhood of z
is called parallel at the point z if so are all the e,. Note that the latter condition
means that (Ve,)(z) =0, i.e.,

(26.1) Ih(z) =0

in every coordinate system x’ at z. Assuming (26.1) at the given point z, we
obtain

Y= 0 at z
for any local C! section 9 of 1 defined near z, while, from (20.10),
(26.2) Riw" = Ol — 0,17, at z.

LEMMA 26.1. For any connection V in a C'* vector bundle n over a manifold
M, any point z € M, and any ¢ € n,, there exists a local C*° section 1 of n
defined near z, parallel at z, and such that ¥(z) = ¢.
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ProOOF. We need (23.5) to be zero just at the point z, with ¥%(z) = ¢%, which
may be achieved e.g. by choosing the ¢® be suitable (nonhomogeneous) linear
functions of the coordinates used. O

Applying Lemma 26.1 to each vector of any fixed basis of 7., we obtain

COROLLARY 26.2. Let V be a connection in a C* wvector bundle n over a
manifold M, and let z € M. Then there exists a local trivialization e, of n
defined on a neighborhood of z and parallel at z.

Lemma 26.1 (as well as its more refined version for torsionfree connections in
tangent bundles, cf. Problem 2) may lead to significant simplifications in various
calculation-type arguments, as we will see later in §26. Right now we will use it
to calculate the curvature RH°™ the connection V in Hom(n,7n’) corresponding
(as in Proposition 24.1) to two given connections (both also denoted by V), with
curvature tensors R, R/, in vector bundles 7, 1’ over a manifold M. Namely, we
have, for any z € M, v,w € T,M and F € Hom (n,,n.),

(26.3) RH™(y w)F = R'(v,w)o F — Fo R(v,w).
In fact, by (20.8), relation (26.3) amounts to
(26.4) VoVoF = VyVyF + Vi F = R'(v,w) o F — F o R(v,w)

for any local C? section F of Hom(n,n') and C! vector fields v,w in M, all
defined on the same open set. Equality (26.4) is in turn easily verified if one
applied both sides to any local C! section ¢ of 7, using (24.2) and assuming that
both F' and , ¢ are parallel at the point in question.

In the case where 7 =1’ =7 and the connection V in 7 coincides with V in
7', (26.3) (with R = R’ = R) becomes

RE™(y w)F = [R(v,w), F],

[, ] being the ordinary fibrewise commutator of bundle morphisms.
The curvature R of every torsionfree C'™ connection V in the tangent bundle
TM of a C* manifold M satisfies the relation

(26.5) Rjp™ + Rpi;™ + Riji™ = 0
known as the first Bianchi identity. (For its analogue in the non-torsionfree case,

see Problem 3.) As in the case of relation (24.10), the content of (26.5) does not
depend on the local coordinates z7, since (26.5) simply states that

(26.6) R(u,v)w 4+ R(v,w)u+ R(w,u)v = 0

for any vectors u,v,w tangent to M at any point x. A more detailed version of
(26.6) would read

R (u,v)w + Ry (v,w)u + Ry (w,u)v = 0.

To prove (26.5), use (20.10) along with the assumption that V is torsionfree, i.e.,
I, = I (We could also fix z € M and choose coordinates with I} () = 0, as
in Problem 2 of §26, making the argument even shorter.)

Suppose now that we are given a C°° vector bundle n over a manifold M
endowed with an arbitrary C* connection V. The curvature tensor field R =
RY of V then has the component functions R;i,® given by (20.10). Any fixed
connection in T'M then can be used (along with V) to form the covariant derivative
VR of R;as R is asection of Hom(T'M, Hom(TM, Hom(n,n))), VR then will be
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a section of Hom(T'M, Hom (T'M, Hom (T'M, Hom(n,n)))), so that at each point
x € M its value is a trilinear mapping

(VR), : T, M x T,M x T, M — Hom (1, 1)
with (VR)(u,v,w) = (VyR)(v,w) for u,v,w € T, M. In a local trivialization e,
and coordinates 27, sharing the same domain U C M, VR has the component
functions Rj;mbyl = e’[(VR)(p1, pj, Pk )€al, so that

(VR)(u,v,w)p = ulvjwquaRjkab,l(z)eb(z)

whenever © € U, u,v,w € T, M and ¢ € 7n,. In terms of the connection component
functions,

(26-7) RjkabJ = alekab - Fl;ﬁRmkab - lzszmab - FlgRjkcb + Hszkac-

In the case where the connection in T'M is torsionfree, VR satisfies the so-called
second Bianchi identity

(26.8) Rjka” 1+ Biia” j + Rija” 5 = 0.

(The non-torsionfree case is discussed in Problem 4.) As before, the meaning of
(26.8) does not depend on the local trivialization e, and coordinates z7; in fact,
(26.8) can be rewritten as

(VR)(u,v,w) + (VR)(v,w,u) + (VR)(w,u,v) = 0
or, equivalently,
(VuR)(v,w) + (VyR)(w,u) + (VypR)(u,v) = 0
for any point x € M and any vectors u,v,w € T, M. ‘
To prove (26.8), fix z € M and choose e, at z with (26.1) (for any 27), which

is possible in view of Corollary 26.2. Combining (20.10) and (26.7) and using (26.1)
we obtain

Rjkab’l = 618;@1;’:1 — 8[(9]'1—,?(1 — Il';-ankab - Ilwknijab at z.
Relation (26.8) now is a trivial consequence of the (skew)symmetry of the I

and Rj;mb in j, k. (Again, this proof can be made even simpler with the aid of
Problem 2.)

Problems

1. Let V be a C* connection in the tangent bundle of a C°° manifold M, and
let 27, 7" be two coordinate systems in M, both defined near a point z € M.
Verify that, for the local trivialization p;» of T'M to be parallel at z, it is
necessary and sufficient that (Hint below.)

(26.9) 8j8kzk/ = Fjlkpf’ at z.

2. Let T be the torsion tensor field of a C*° connection V in the tangent bundle
of a manifold M. For any point z € M, prove that T(z) = 0 if and only if
there exists a coordinate system z7 at z such that Fjlk(z) = 0, i.e., the local
trivialization p; of TM is parallel at z. (Hint below.)

3. Generalize the first Bianchi identity (26.5) to the case where the connection in
TM is not necessarily torsionfree (with the torsion tensor field T appearing on
the right-hand side). State the corresponding generalization of the coordinate-
free formula (26.6). (Hint below.)



96 5. CONNECTIONS AND CURVATURE

4. The same for the second Bianchi identity. (Hint below.)

Hint. In Problem 1, V,,;pjs =V, (p]ipm) = (Fjlmp;’,‘ @pé,)pl, which vanishes at

z if and only if so does pi pf (l}glp;-’}—f—ajpé,) = Fjlkpf —pj pé-/ ;o (as pf pé/ = 5;?,

is constant), while pilpé,ﬁjpf, = 9;pl = 902" .

Hint. In Problem 2, necessity is obvious as Té-k = Fjlk — ]',‘Clj; for sufficiency, fix
some coordinates x? at z and find the new ones, z7 , with the required property,
by choosing them so as to satisfy (26.9) at z, which is possible due to symmetry of
]}lk(z)‘ in j,k. We may, e.g., let 7" be (nonhomogeneous) quadratic functions of
the 7.

Hint. In Problems 3 and 4, the formulae are

Rji™ + Riy;™ + Rijp™ + T + Ty + Tk =0,
R(u,v)w+ R(v,w)u+ R(w,u)v + (V,T)(v,w) + (V,T)(w,u) + (Vo T)(u,v) = 0,
Rjka" 1+ Rita® j + Rija" & + TjiRima” + TiRima” + Tij Rima” = 0,
(VuR)(v,w) + (VyR)(w,u) + (Vi R) (u,v)
+ R(u, T(v,w)) + R(v, T(w,u)) + R(w, T(u,v)) = 0.

27. Further operations on connections

Topics: Pullbacks of connections: expression in terms of component functions, covariant deriva-
tives along curves, and the effect on curvature; direct sums of connections; projections of connec-
tions in a direct-sum bundle; generalized convex combinations of connections; more on the dual;
existence of connections in vector bundles over compact manifolds; on connections: the effect of
selected operations on curvature; the description of operations in terms of component functions

and of the corresponding covariant differentiation of C ! sections defined only along C L curves.

Recall that, given manifolds M, N, a C* mapping F : M — N, and a C*
vector bundle n over M, we denote by F*n the corresponding pullback bundle
over M with the fibres (F*n), = np), © € M. (See §17.) Any connection V in
1 then gives rise to the pullback connection F*V in F*n, uniquely characterized
by the requirement that

(27.1) (F*V)o(F%) = Varwh € np@) = (F'0)a

whenever x € M, v € T,M and v is a local C! section of 1 defined in a
neighborhood of F(z) (while F*¢ is the pullback of ¢ to F*n, with (F*¢), =
Yp(z)). The component functions FJZ of F*V relative to any local coordinates z7
in M and the pullback trivialization F*e, of F*n obtained from any C°° local
trivialization e, of 7, can be expressed as

(27.2) I = (@FN (o F)

in the intersection of the respective domains, where y* are any local coordinates
in N, and F/\ba are the corresponding component functions of V. Thus, any C*
section ¢ along a C' curve v : I — M of the pullback bundle F*n is an assignment
I3t ¢t) € (F*n)y4) = NF(y(t))» s0 that it is also a C' section along the image
C' curve Foy:I— N of the original bundle 1. Then

(273) (F*v)’y¢ = v[Fo’y]'gﬁ'
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(See Remark 27.1 and Problem 2.) Furthermore, the curvatures RF Y and RV of
F*V and V are related by

(27.4) RFY(w,w) = RY(dF,v,dF,w)

for any x € M and v,w € T,M, both sides being linear operators sending the
fibre (F*1), = np(s) into itself (see Problem 3).

REMARK 27.1. The operation of covariant differentiation of C' sections ¢ of
n along any C' curve v:I — M in a C* real or complex vector bundle 1 with
a connection V over a manifold M determines V uniquely via condition (d) in
§22. Thus, F*V can, equivalently, be characterized as the unique connection with
(27.3). For a similar characterization of the dual connection in the dual bundle, see
Problem 3 in §24.

We begin with more constructions leading from given connections to new ones.

EXAMPLE 27.2. Given connections V(Y. .. V®) in vector bundles n',..., 7",
all with the same base manifold M, we define the direct-sum connection V =
V1 @ V@ in the direct-sum vector bundle n =n' @...® n? (Example 17.3) by

VoW1, p) = (V9. VPy,)

for any local C' section ¥ = (¢1,...,%,) of n and any vector v tangent to M
at a point of the domain of 1. (See also Problems 6 and 13.)

EXAMPLE 27.3. An arbitrary connection V in a direct-sum vector bundle
n = nt @ n~ can be projected onto connections in the summand bundles 7*,
denoted by V* and defined by

(27.5) VY = (V)*

for local C' sections ¢ of n*. Note that, since n* C 1, 1 then also is a local C*
section of 7, so that V, on the right-hand side makes sense. Also, for any section
¢ (or an element ¢ of a fibre) of 7, we use the symbol ¢* for the n* component
of ¢. In (27.5) this is applied to ¢ = V, 1. See Problems 6 and 12.

EXAMPLE 27.4. A generalized convex combination of connections VP, ... V@)
in a real/complex vector bundle n over a manifold M has the form

(27.6) V=~#HVD ¢+ . 4+ £,V®
with any fixed real/complex valued C* functions f1,..., f, on M such that
A+ ...+ fp=1.

As an operator associating V7 with a local C" section v of  and a local vector
field w in M, this V clearly is a connection, and in particular (V,%)(xz) depends
on w only through w(z). See also Problem 14.

The operation of covariant differentiation of C' sections ¢ of 1 along any C*
curve v : I — M in a C* real or complex vector bundle n with a connection
V over a manifold M determines V uniquely (condition (d) in §22), and is often
much easier to work with than the connection itself. Therefore it is useful to
have a description of this operation for the connection obtained from some given
connection(s) through a specific constructions. In the case of the pullback (or,
dual-bundle) construction, such a description is provided by formula (27.3) (or,
respectively, (24.14)). For some of the other constructions we have discussed, see
Problem 6.
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Problems

1.

w N

Prove the existence and uniqueness of the pullback connection F*V with (27.1).
(Hint below.)

. Prove (27.3). (Hint below.)

Prove the curvature formula (27.4) for pullbacks of connections. (Hint below.)
Let ¢ be a C! section along a C* curve v : I — M of the bundle F*n over a
manifold M obtained by pulling back a C° vector bundle 1 over a manifold
N via a C* mapping F : M — N. Verify that ¢ then may be viewed as a C*
section along the curve F o~y : I — N of the bundle n and, for any connection
V in 1 we have (27.3). (Hint below.)

Givenn, M, N, v, I and V as in Problem 4, and any real numbers a,b € I,
show that the V-parallel transport along F o~ from a to b (§22) coincides
with the F*V-parallel transport along v from a to b.

. Verify that the covariant derivative of any C' section of the vector bundle in

question along a C! curve I ¢ +— x(t) € M in the base manifold, relative to the
connection V obtained as in Example 27.2, Proposition 24.1 or Example 27.3
is given, respectively, by Vi(¢1,...,¢p) = (V£1)¢1,...V£p)¢p), (V:F) (o) =
[F¢] — FV;i¢, and Vfbi(b = (V;3¢)*. (In the second equality, F and ¢ are C*
sections of Hom(n,¢) and n along the curve.) (Hint below.)

The adjoint F* of a linear operator F': V' — W between real or complex vector
spaces V,W is the linear operator F* : W* — V* defined by F*(f) = fo F.
Show that, if V' are finite-dimensional, with bases e, for V, ey for W, in which
F is represented by the matrix [F}] in (i.e., F(e,) = Fey), then the matrix of
F* relative to the dual bases e® of V* and e* of W* is the transpose of [F}]
in the sense that F*(e*) = F e

. Let us denote by V* (instead of the customary V) the connection in n* dual to

the given connection V in a vector bundle n over a manifold M. Verify that
the curvatures R of V and R* of V* are related by

(27.7) R*(v,w) = — [R(v,w)]"

10.

11.

for any x € M and v,w € T, M. Here [R(v,w)]* denotes the adjoint n} — 0}
of R(v,w) : ny — n, (Problem 7), and the point z is, as usual, suppressed
from the notation (so that R(v,w) stands for [R(z)](v,w)). Show that the
component version of (27.7) is

Rjkba = 7Rjkaba

Rji%, being the component functions of R*, with R;i%, = [R*(p;, pr)e’](€a)-

. Let n be a C real/complex vector bundle of some fibre dimension ¢ over a

C* manifold M. Show that, for any = € M, there exist global C'°° sections
Yi,...,%q of n whose restrictions to some neighborhood of = form a local
trivialization of 7. (Hint below.)

Suppose we are given a C real/complex vector bundle 7 over a compact C*°
manifold M satisfying the countability axiom (§14). Prove that there exists
a finite collection )1, ...,1; of global C° sections of 1 such that the values
P1(x), ..., (x) span the fibre n, at every point x € M. (Hint below.)

For  and M as in Problem 10, show that there exist a product vector bundle
M xV and a C* vector-bundle morphism F : M x V' — 7 which is surjective
in the sense that so is F, : V — n, for each z € M. (Hint below.)
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12. Generalize the construction of Example 27.3 to the case of direct sums with an
arbitrary finite number of summands.

13. Describe what happens with the curvature under the direct-sum operation for
connections (Example 27.2).

14. Given an affine space (M,V,+), points x1,...,x, € M and scalars A1,..., A,
with A1 4+...4+ )\, = 1, one defines the affine combination of x1,...,x, with the
coeflicients A1, ..., A, to be the point, denoted by

(27.8) T =Mz + ... + Ny,

and obtained by identifying M with its translation space V (with the aid of
a fixed “origin” o € M) and then forming the corresponding combination of
vectors. In other words,

=0+ M(z1—0) + ... + \(z, —0).

Verify that this definition is correct (i.e., independent of the choice of 0), and that
formula (27.6) represents, at any given point of the base manifold, a special case
of (27.8). (Another important application of (27.8) is in the case where dim M =
3 and =x1,...,x, are locations of pointlike particles with masses mzy,...,m,.
The point (27.8) with A\j =m;/m for j=1,...,r, where m =my +...+m,,
then is called the system’s center of mass.)

Hint. In Problem 1, note that (27.1) implies

(27.9) (F*V),,(FYeq) = (;F*) (1,0 F)(F*ey)  whenever V, e, = Iiey,
and hence uniqueness of F*V. Using (27.2) as a definition of F*V , we obtain the
existence assertion.

Hint. In Problem 2, use (27.2) and the component formula (22.1), i.e., (V4¢)* =
¢* + (Ihoy)y ¢ for Vyg.

Hint. In Problem 3, use (27.2) to establish the component version

(27.10) Rika" = (0;F*)(0k F*)(Rapa o F)

of (27.9) relative to local coordinates z7 in M, local coordinates y* in N, a C™
local trivialization e, of 7, and the corresponding F*e, for F*n.

Hint. In Problem 4, use formulae (22.1) and (27.2).

Hint. In Problem 6: see the hint for Problem 3 in §24.

Hint. In Problem 9, set ¥, = ¢e, for a local trivialization e, of 7 defined on
a neighborhood U of z and a C° cut-off function ¢ : M — R chosen as in
Problem 19 of §6 for = and the closed subset K = M\ U.

Hint. In Problem 10, use Problem 9 and the Borel-Heine theorem.

Hint. In Problem 11, choose the ¢, with A =1,...,] as in Problem 10 and, for
V=R'or V=C"define F, :V =, by F.(c,...,c") = pxr(2).
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CHAPTER 6

Riemannian Distance Geometry

28. Fibre metrics

Topics: Pseudo-Riemannian and pseudo-Hermitian fibre metrics in vector bundles; the positive-
definite case; Riemannian and pseudo-Riemannian manifolds; vector and affine spaces; immersion
pullbacks of Riemannian metrics; isometries; isometric immersions/embeddings and submanifold

metrics; Euclidean spheres; hyperbolic spaces.

Let 1 be a real (or, complex) vector bundle over a manifold M. By a pseudo-
Riemannian (or, respectively, pseudo-Hermitian) fibre metric in n we mean any
mapping ¢ assigning to every point = € M a scalar-valued bilinear symmetric (or,
sesquilinear Hermitian) nondegenerate form g, on the fibre 7,. (For a definition
of nondegeneracy, see Problem 16 in §12.) If g, happens to be positive definite
for every x, one drops the prefix ‘pseudo’ and refers to the fibre metric g as
Riemannian or Hermitian. In addition, we will always require such a fibre metric
g to be C>-differentiable; this makes sense as ¢ is a section of a specific C'*
vector bundle, namely, Hom (n,1n*) or Hom (n,7*). (In fact, ¢g associates with
every © € M the operator 7, 3 ¢ +— g.(¢, -) valued in 7} or, respectively, 77:.)

For n, M, g as above, x € M, and 1, ¢ € n,, we will often simplify the notation
writing g(1, @), or just (1, @), instead of g, (1, ¢). The symbols g(¢, ¢) and (¢, P)
will be also used for the scalar-valued function U 3 z +— ¢, (¥, ¢ ), whenever ¥, ¢
are local sections of 1 with the domain U C M.

A pseudo-Riemannian fibre metric g in the tangent bundle T'M of a manifold
M is referred to as a pseudo-Riemannian metric on the manifold M, and the pair
(M, g) is then called a pseudo-Riemannian manifold. Again, one omits ‘pseudo’ if
g is positive definite at every point; when M is connected, ‘every point’ may be
replaced here by ‘some point’ (see Problem 10).

ExaMPLE 28.1. In a product vector bundle 7 = M x F one has a special class
of constant fibre metrics g, obtained by setting g, = (,) for « € M, where (,)
is any fixed scalar-valued bilinear symmetric (or, sesquilinear Hermitian) nonde-
generate form on F. Similarly, if M a finite-dimensional real affine space (or a
nonempty open subset thereof), the tangent bundle TM is naturally isomorphic to
M x V, where V is the translation vector space (Example 5.2), and so we have a
distinguished class of constant pseudo-Riemannian metrics on M. Such a constant
metric on an affine space is called a pseudo-FEuclidean metric, and, if it is positive
definite, a Fuclidean metric.

Let g = (,) now be a pseudo-Riemannian fibre metric in a C* real vector
bundle 1 over a manifold M. Any local trivialization e, of 7 gives rise to the
component functions of g, defined (on the trivialization domain) by

(28.1) gab = gl€a,en) = (€asep)

101
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Symmetry of g means that g, = gpq. Clearly, for fibre elements or local sections
1, ¢ as before,

(28.2) 9, 9) = ($,6) = gu"e".

Suppose now that, in addition to a pseudo-Riemannian fibre metric ¢ = (,) in a
C® real vector bundle 7 over a manifold M, we are also given a C°° connection
V in 7. Any local trivialization e, of 7 and local coordinates z7 in M, with the
same domain U, give rise to the g-modified component functions of V, given by

(28.3) Liva = (Vi ep,€q),  thatis, Ijpe = [} 9ca-

(Note that g, = (ec, €q).) By themselves, the I5, do not constitute the component
functions of any invariant object; their usefulness lies in simplifying some local
component expressions. For instance, when g is treated as a section of the vector
bundle Hom(n,n*), its covariant derivative Vg relative to the connection in 7*,
dual to V, is itself a section of Hom(T'M, Hom(n,n*)) with the local component
functions gpa,j = 0gva — I]’%gca — Z}flgbc, that now can be rewritten as

(28.4) Gba,j = 9i9ba — Ljba — Ljab-

A connection V in a real vector bundle n over M is called be compatible with
a pseudo-Riemannian fibre metric g = (,) in n if Vg =0, that is, if g is parallel
as a section of Hom(n,n*). One then also says that V is a metric connection, or

a Riemannian connection, especially when g is fixed (and clear from the context).
The local-component version of this condition is, by (28.4),

(28.5) 9i9ab = Ljab + Ljba-

A condition necessary and sufficient in order that a connection V in a real vector
bundle 1 over M be compatible with a pseudo-Riemannian fibre metric g = (),
is the Leibniz rule

(28.6) dy (Y, ¢) = (Vo) ¢(x)) + (¥(z), Vo)

whenever z € M, v € T,M and 1,¢ are local C! sections of 7 defined in a
neighborhood of z. This is in turn equivalent to

(28.7) do(|91*) = 2(Vh, ¥(x))

for xz,v,1 as above. In fact, (28.6) and (28.7) mean that
(28.8) dw (¥, 0) = (Vuth, ¢) + (¢, Vo)
and

(28.9) du([$*) = 2V, )

for local C'! sections w of TM and %,¢ of 1, all three with the same domain.
Now, (28.8) implies (28.5) as a special case (with w = p;, ¥ = e,, ¢ =€) and the
converse implication is immediate if one expands w = w’ Dj, dw = w? 0j, ¥ =Y,
and ¢ = ¢Pe,.

Let V again be a connection in a real vector bundle n over M. The curvature
tensor RY of V then assigns to each x € M a bilinear skew-symmetric mapping
T.M x T,M > (v,w) — RY(v,w) valued in real-linear operators 7, — 1,. If,
in addition, 7 carries a fixed pseudo-Riemannian fibre metric g = (,), each of
these mappings may be regarded as a real-valued bilinear form on 7, (Problem 5).
Specifically, that form is given by

(28.10) e X e 3 (1, 0) = (RY(v, w), 9) -
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Instead of (RY(v,w)1, ) we will usually write R(v,w,,$) (when V and g are
fixed).

The g-modified curvature of V is defined to be the assignment, to each = € M,
of the real-quadrilinear function T, M XT, M X1, X1, 3 (v,w,%, ¢) — R(v,w, ¥, d),
skew-symmetric in v, w. The modified curvature (also denoted by R) thus is a
C* section of the vector bundle A(T'M,TM, Hom (T M, Hom(n,n*))), while the
original R is a section of A(TM,TM,Hom(n,n))) (see Remark 20.1).

Any local trivialization e, of 1 and coordinates z7 in M now give rise to the
g-modified curvature-component functions

Rjkab = R(pj, Pk, €a, €6) = (RY(p;, pk)ea, ) ,
which, obviously, can also be expressed as
(28.11) Rjkab = Rjka“Geb -

PROPOSITION 28.2. Let a connection V in a real vector bundle over M be
compatible with a pseudo-Riemannian fibre metric g = (,). Then the bilinear form
(28.10) is skew-symmetric, for any fired v € M and v,w € T, M.

PROOF. We just need to verify that
Rjkay = —Rjkpa-
This is done by choosing a local trivialization e, of 1 defined on a neighborhood of
any given z € M so that I},(z) = 0 (formula (26.1)); then, Rjxap = Ok Ljab—0;Iab
at z (cf. (26.2)), and so Rjgap + Rjkee =0 at z by (28.5). O

See also Problem 6.

Given manifolds M, N, a C° immersion F : N — M and a Riemannian
metric g on M, the pullback F*g, defined as in Problem 5 of §21, is obviously a
Riemannian metric on N. When N is a submanifold of M and F denotes the
inclusion mapping, we refer to F*g as the submanifold metric on N induced by
g. A unit sphere centered at 0 in a Euclidean vector space, with its submanifold
metric, is referred to as a standard (Euclidean) sphere.

REMARK 28.3. It is now immediate from Whitney’s embedding theorem that
on every compact manifold there exists a Riemannian metric. For more general
conclusions, see Problem 7(c) below and Problem 2 in §84 of Appendix D.

By an isometry between pseudo-Riemannian manifolds (N, h) and (M, g) we
mean any C* diffeomorphism F : N — M with F*g = h. Two pseudo-Riemann-
ian manifolds are said to be isometric if an isometry between them exists.

Pullbacks of pseudo-Riemannian metrics under C°° immersions F : N — M
are twice-covariant symmetric tensor fields of class C* (see Problems 5 — 6 in §21).
They may, however, fail to be nondegenerate. If F*g is nondegenerate for a given
pseudo-Riemannian metric g on M, we call F a nondegenerate immersion of N
into the pseudo-Riemannian manifold (M, g). One similarly defines a nondegener-
ate submanifold N of (M,g) (that is, one for which the inclusion mapping F' is
nondegerate). In both cases, (N, F*g) is a pseudo-Riemannian manifold.

The classical differential geometry of surfaces, originated by Gauss, studies the
submanifold metrics of 2-dimensional submanifolds of a Euclidean 3-space.

The submanifold metric of a nondegenerate submanifold N in a pseudo-Riem-
annian manifold (M, g) may be positive definite even if ¢g is not. One prominent
example of this kind is the n-dimensional hyperbolic space of any positive “radius”
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a, here denoted by N, and defined as follows. Let (M,g) be the space R"*! =
R xR"™ with the pseudo-Euclidean metric corresponding to the bilinear form sending
(t,v), (s,w) € R x R" to —ts + (v,w), where (,) is the standard inner product
of R" and let N be the connected component, containing (1,0), of the two-
sheeted hyperboloid given by —t? + |[v|> = —a? where || is the Euclidean norm
of R". (In other words, N is the graph of the function R"® — R defined by
vt = (a®+ [v]?)Y/2) The hyperbolic-space metric on N is its (positive-definite)
submanifold metric. See Problems 11 — 12.

Problems

1. Given a pseudo-Riemannian fibre metric ¢ in a real vector bundle 7 over a
manifold M, we say that a vector subbundle ( of 7 is nondegenerate if so
is the restriction of the form ¢, to (, for every x € M. (Cf. Problem 16 in
§12.) Show that, for any nondegenerate C'* vector subbundle ¢ of n, its g-
orthogonal complement n*, with the fibre 1 over each x € M defined to be
the g,-orthogonal complement of (, in 7, (see Problem 17 in §12), is also a
nondegenerate C* vector subbundle of 7. (Hint below.)

2. For a connection V in a C real vector bundle with a pseudo-Riemannian fibre

metric g, prove that condition Vg = 0 is equivalent to the Leibniz rule (28.8)

without using the component functions. (Hint below.)

Verify that (28.9) implies (28.8).

Let a connection V in a real vector bundle 7 over a manifold M be compatible

with a pseudo-Riemannian metric g = (,) in 7. Show that

Ll

with ()" = d/dt, whenever 1,7 are C! sections of 1 along a C! curve t —
.T(t) e M. (Hint below.)
5. Given a finite-dimensional real vector space V with a fixed pseudo-Euclide-
an inner product g = (,), show that the assignment, to each linear operator
F :V — V, of the bilinear form B :V x V — R given by B(v,w) = (Fv,w)
constitutes a linear isomorphism Hom (V, V) — L(V,V,R), where L(V,V,R) is
the vector space of all bilinear forms V x V' — R (cf. §19).
6. Prove skew-symmetry of R(v,w,,$) in ¢,¢ for metric connections without
using local component functions. (Hint below.)
7. Given a C real/complex vector bundle 7 over a compact C° manifold M
satisfying the countability axiom, prove that
(a) n is C* isomorphic to a C'* vector subbundle of a suitable product vector
bundle M x V,
(b) there exists a C* vector bundle ¢ over M such that the direct sum n@® ¢
is trivial,
(¢) n admits a C*° (positive-definite) Riemannian/Hermitian metric g and a
connection V compatible with g. (Hint below.)
8. State and prove a version of Problem 5 for complex spaces, pseudo-Hermitian
inner products and sesquilinear (rather than bilinear) forms.
9. For V and ¢g = (,) as in Problem 5, show that Trace ' = 0 whenever F :
V — V is linear and skew-adjoint in the sense that the corresponding bilinear
form B:V xV — R is skew-symmetric.
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10. Let g be a pseudo-Riemannian or pseudo-Hermitian fibre metric in a real or,
complex vector bundle 7 over a connected manifold. Show that the algebraic
type of g, that is, its signature, is the same in every fibre.

11. Prove that the submanifold metric of a hyperbolic space is in fact positive defi-
nite. (Hint below.)

12. Verify that, up to an isometry, an n-dimensional hyperbolic space of “radius”
a > 0 could also be defined to be either connected component of the submanifold

{x € V: (z,2) = —a®} of an (n + 1)-dimensional real vector space V with
a nondegenerate symmetric bilinear form (,) of the Lorentzian sign pattern
-+ ...+

Hint. In Problem 1, apply Proposition 19.1 to the morphism @ : n — (* sending
¢ € 1y, for any x € M, to g.(¢, -): (z — R.

Hint. In Problem 2, note that (Vyg)(é,¢) = dw(¥, ¢) — (Vuth, ¢) — (¥, Vo) in
view of the definitions of the dual and tensor-product connections.

Hint. In Problem 4, use (28.2), (22.1) and (28.5).

Hint. In Problem 6, the Leibniz rule (28.8) implies, after obvious cancellations,
(RV(%U})%W = (Vu Vo = V, Viu + V[v,w]l/f,lﬁ) = dw(Voth, ) — do(Vu),¥) +
<v[v,w]wv 1/J> and so, by (289) and (68)7 _2<Rv(vv w)djv 1;[}) = dvdw|¢|2_dwdv|w|2_
d[v,w]|w‘2 = 0.

Hint. In Problem 7, choose V, F' as in Problem 11 of §27 and define ¢ to be the
subbundle of M x V with ¢ = Ker F. Let (* be the orthogonal complement of
¢ for some fixed (e.g., constant) metric in M x V. Then F : (* — n isa C®
vector-bundle isomorphism; to obtain (c), fix a metric connection in M x V (e.g.,
the standard flat one) and project it onto (*.

Hint. In Problem 11, use Problem 12 of §13.

29. Raising and lowering indices

Topics: A fibre metric as a vector-bundle isomorphism; the inverse (reciprocal) metric; identi-
fying vector fields on a pseudo-Riemannian manifold with 1-forms; the gradient operator; iden-
tification of twice-covariant tensor fields on a pseudo-Riemannian manifold with vector-bundle

morphisms acting in the tangent bundle; the inner product of twice-covariant tensors.

Let g be a pseudo-Riemannian fibre metric in a real vector bundle n over a
manifold M. Any local trivialization e, of 7, defined on an open set U, gives rise
to the component functions gu, of g, characterized by (28.1). By the reciprocal
components of ¢ relative to the e, we mean the functions ¢%° : U — R such that
[g9%(z)] is the matrix inverse of [g.s(z)], for every = € U. In other words,

(29.1) gacQCb = gcagbc = 52‘
For instance, if there is also given a connection V in 7, the relation Ij, = I59ca
in (28.3) can be rewritten as Fjl(’l = Tacg®.

As another example, in a pseudo-Riemannian manifold (M, g), a local coor-
dinate system 27 leads to the reciprocal components ¢’% of the metric g, with
[¢7%] = [gjx] ! (that is, g/'g;x, = &]) at every point of the coordinate domain.

The reciprocal components ¢* clearly depend on the choice of the local triv-
ialization e, (since so do the original components g.;). However, the g, are the
components, relative to the e,, of a trivialization-independent object (namely, g),
and a similar interpretation exists for the g°. Specifically, we may treat g as a
vector-bundle morphism g : n — n* which, at any point * € M, sends ¢ € 7,



106 6. RIEMANNIAN DISTANCE GEOMETRY

to the linear functional g,(¢, -) € ni. Nondegeneracy of g (which is a part of
the definition of a fibre metric, cf. §28) means that ¢ : n — n* is an isomorphism.
Furthermore, g, are the components of the morphism g : n — n* relative to the
local trivialization e, for n and its dual e* for n* (see Problem 3). The inverse
isomorphism ¢~!:n* — 1 then has the components ¢?°, as one easily sees using
(29.1).

The isomorphisms ¢ : 7 — n* and ¢~ : n* — n are traditionally referred to as
index lowering and index raising. This terminology reflects the common practice
of using the same symbol both for a fibre element ¢ € n, (or, a local section ¢ of
7) and its image ¢(¢, -). In a local trivialization e, we thus have ¢ = ¢%, and
¢ = gae”, With ¢q = gacd® and ¢* = g*¢.. thus

An important special case is the gradient operator of any given pseudo-Riem-
annian manifold (M, g). It associates with every C* function f: U — R defined
on an open set U C M the tangent vector field Vf on U, also denoted by grad f,
which is the result of applying the index-raising operation to the differential df.
In other words, Vf is the unique vector field w on M with g(w,v) =d,f for all
(local) vector fields v (that is, w’ = g’* 9. f). The component functions of Vf
relative to any local coordinates z7 are denoted by VIf or f+. Thus,

(29.2) 1 =vf =g onf =g"f;,

where, to be consistent, one also uses the symbol f; = 0;f for the component
functions of df. Note that

(29.3) dpf = g(v,v) if v=Vf.

1

The use of the symbol V to represent the gradient is due to a long-standing
tradition and has virtually nothing to do with our notation V for connections.

To describe further examples of index raising/lowering, let us assume for sim-
plicity that we are given a pseudo-Riemannian manifold (M, g) (even though the
following discussion remains valid, with obvious modifications, for Riemannian fibre
metrics in arbitrary real vector bundles).

Let b be a twice-covariant tensor on a pseudo-Riemannian manifold (M, g),
that is, a vector-bundle morphism TM — T*M (acting by v — b(v, -). Replaced
by a composite morphism, in which the original g is followed by ¢g=!: T*M — T M,
our b thus becomes a bundle morphism T M — T M, with the components bjk
related to the components b, of the original tensor by bjk = bjlglk, or b = bjlglk.
Some confusion may arise due to the possibility of treating b as a morphism TM —
T*M acting in a different (but equally natural) way, namely, by v +— b(-,v). When
the composite of this other morphism with ¢g=!: T*M — TM is used, one writes
its components as bkj, with bkj = g’“lblj and b = gjlblk. In other words, leaving
blank spaces above subscripts and below superscripts allows us to keep track of
which index was actually raised or lowered.

The situation is simpler when b is symmetric. The two vector-bundle mor-
phisms TM — T*M represented by b then coincide, and so both ways of index
raising lead to the same morphism 7'M — TM, the components of which may,
without risk of ambiguity, be written as bf.

The trace of a vector-bundle morphism A : TM — TM is the function
Trace A: M — R, assigning to © € M the trace of the operator A, : T,M — T, M.
A fixed pseudo-Riemannian metric g allows us to define the g-trace of a twice-co-
variant tensor b on M to be the function Tracey,b : M — R equal to the trace
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of the vector-bundle morphism 7'M — TM obtained from b by index raising.
(Which is the two indices is raised makes no difference, as the resulting morphism
are, at each point, each other’s adjoints, so that they have the same trace.) Clearly,

(29.4) bi; = Tracesh = (g,b) = ¢"*bu.

Here (,) is the g-inner product of twice-covariant tensors, defined by (a,b) =
Trace AB*, where A,B : TM — TM are obtained from a,b by raising an index
and the “product” is the composite of vector-bundle morphism, while B* is the
(pointwise) g-adjoint of B. In local coordinates,

(29.5) (a,b) = a’™b;,  with a'* = g'Pg*a,,.
See Problem 4.

Problems

1. Verify that the reciprocal components of a pseudo-Riemannian fibre metric in a
real vector bundle satisfy the symmetry condition ¢*® = g¢°.

2. Show that, for n-dimensional pseudo-Riemannian manifold, (g,g) = n, or, in
local coordinates, gjkgjk = 5’; =n.

3. Verify that g(eq, - ) = gace® for any pseudo-Riemannian fibre metric g in a real
vector bundle 7 and any local trivialization e, of 7.

4. Establish formula (29.5).

30. The Levi-Civita connection

Topics: The existence and uniqueness of the Levi-Civita connection on a pseudo-Riemannian
manifold; the Christoffel symbols; geodesics; the curvature tensor; the modified curvature tensor;
the Ricci tensor and scalar curvature; symmetry of the Ricci tensor; a further symmetry of the

modified curvature tensor.
For a pseudo-Riemannian manifold (M, g), a connection V in TM, and local

coordinates x’ in M, the g-modified component functions I}z of V relative to
the 27 | i.e., involving the local trivialization p;, are given by
(30.1) Lk = 9(Vp,prs o) = L3951 5 I = Lirsg™
(cf. §29), where g;x and Zg-lk as usual denote the corresponding component functions
of g and V with g = g(p;,pr) and V,,pr = Fjlkpl, While g’% are the component
functions of the recipyocal g~ of g with ¢/'g;, = 87 so that, at any point of the
coordinate domain [¢7%] = [g;5] ! as matrices. (See §29.)

Thus, by (28.5) and (21.4), the requirement that V be compatible with g and
torsionfree, expressed in local coordinates, reads

(30.2) gk = Ljki + Lk L = Iiji -
THEOREM 30.1. For any pseudo-Riemannian manifold (M, g) there exists a

unique connection V in TM which is torsionfree and compatible with g. The
component functions of V then are given by

1
(30.3) I = 3 9" (0 gks + Ogjs — Osgjn) ,

that 1is,
(30.4) 2Lk = gkt + Okgji — Oigji. -
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PrROOF. Uniqueness: If V is torsionfree and compatible with g, (30.4) is im-
mediate from (30.2). Existence: Define V by (30.3), i.e., (30.4) and the last formula
in (30.1), which easily implies (30.2). The independence of the resulting connection
of the coordinates used follows from its uniqueness. (See also Problem 3 in §23.) O

The unique torsionfree metric connection V in the tangent bundle of a given pseu-
do-Riemannian manifold (M, g) is called its Levi-Civita connection of (M,g). Its
component functions (30.3) are known as the Christoffel symbols of g, and the g-
modified components (30.4) are sometimes referred to as the Christoffel symbols of
the second kind.

All objects normally associated with a connection V on a manifold M will
from now on be also associated with a pseudo-Riemannian metric g on M, via its
Levi-Civita connection V. Thus, we will speak of geodesics in (M, g), its curvature
tensor R (as well as the g-modified curvature tensor, with the components Rjjp),
and its Ricci tensor Ric. We also define the scalar curvature of a pseudo-Riem-
annian manifold (M, g) to be the C* function s: M — R given by

(30.5) s = Trace,4 Ric,

where Trace, is the g-trace defined in §29. In other words, s(z), at any = € M,
equals the trace of the g-modified Ricci tensor of (M, g) at z. In local coordinates
(cf. (29.4)),

(30.6) s =R = g* Ry,

LEMMA 30.2. The Ricci tensor of any pseudo-Riemannian manifold (M,g) is
symmetric and. in local coordinates, gPIRjprq = Rjr = gP'Rpjqk-

PrOOF. For x € M and v,w € T, M, the operator sending u € T, M to
R(v,u)w — R(w,u)v is traceless, since, by the first Bianchi identity (26.6), it coin-
cides with the operator u — R(v, w)u, and the latter is skew-adjoint (cf. Problems 6
and 9 in §28). The local-coordinate now follows from Proposition 28.2. O

At any point x of a pseudo-Riemannian manifold (M, g), the modified curvature
tensor R = R, constitutes a quadrilinear function on the tangent space T,M
with R(v,v',w,w’) = — RV ,v,w,w’) = —R(v,v’,w',w) and R(u,v,w,u’) +
R(v,w,u,u") + R(w,u,v,u’) =0 for all v,v’,w,w’,u € V. These properties alone
imply an additional symmetry:

ProprosITION 30.3. The modified curvature tensor R of any pseudo-Riemann-
ian manifold (M,g) satifies the relation

(30.7) Rjkim = Rimjk

that is, R(v,v,w,w’) = R(w,w’,v,v") whenever x € M and v,v',w,w’ € T, M.
PRrROOF. See Problem 7. O

Problems

1. Verify that, if v : I — M is a geodesic for the Levi-Civita connection V on
a pseudo-Riemannian manifold (M, g), then the function g(¥,%) : I — R is
constant. (Hint below.)
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Given a finite-dimensional real affine space (M,V,+) and a pseudo-Euclide-
an inner product (,) in V treated as a (constant) pseudo-Riemannian metric
g on the manifold M, show that the Levi-Civita connection of the pseudo-
Riemannian manifold (M, g) coincides with the standard flat connection D in
TM =M x V. (Hint below.)

Let ¢ be a pseudo-Riemannian metric on a manifold M. Any fixed C* function
f: M — R then gives rise to a new metric

(30.8) g =eg.

7.

One then says that g and g are conformally related. Verify that, for the
Christoffel symbols Fjlk of g and ]}lk of g, one then has

Y= T + 0,.0;f + 0 0nf — gjng"0sf .

Let two pseudo-Riemannian metrics g and g on a manifold M be conformally
related, with (30.8) for some C° function f:M — R. Show that the Levi-Ci-
vita connections V of g and V of g then are related by

61/(1) = V,w + (dvf)w + (dwf)v - g(v,w)Vﬁ

where v,w are any C' vector fields, d, is the directional derivative correspond-
ing to v, and Vf stands for the g-gradient of f, defined by (29.2).

. Given pseudo-Riemannian manifolds (M,g) and (N, h), by the Riemannian

product of (M,g) and (N,h) we mean the pseudo-Riemannian manifold (M x
N, g x h), where the product metric g x h assigns to each (x,y) € M x N
the pseudo-Euclidean inner product (g x h)(,,) defined to be the orthogonal
direct sum of g, and h, in the tangent space T(, (M x N) = T, M & T, N
(see Problem 28 in §9); in other words,

(g X h)(z,y)((vvv/)’ (wvw/)) = gz(v,u)) + hy(vlvw,)

(notation as in Problem 28 of §9). Show that, in product coordinates z7,y® for
M x N obtained using local coordinates 7 in M and y®in N (Problems 1,3 in
§9) the components of the product metric, along with its reciprocal components,
Christoffel symbols, as well as the components of its curvature and Ricci tensors,
all have the following property: the components involving both kinds of indices
(Roman and Greek) are zero, while those involving just one kind of indices are
equal to the respective components corresponding to g or h.

. Let F: M — N be an isometry between pseudo-Riemannian manifolds (M, g)

and (N, h). Verify that, if ¢t — x(¢) is a geodesic of (M, g), then ¢ +— F(x(t))
is a geodesic of (N, h). (Hint below.)
Prove Proposition 30.3. (Hint below.)

Hint. In Problem 1, use Problem 4 of §28.

Hint. In Problem 2, either use formula (30.3) in affine coordinates (Problem 8 in
§5), or note that D is torsionfree and compatible with every constant metric.
Hint. In Problem 6, choose local cordinates in which F' appears as the identity
mapping and then use (30.3) along with (22.6).

Hint. In Problem 7, write for simplicity abed = R(a,b,c,d) for a,b,c,d € V, so
abed = —abde = dabe + bdac = —dach — bdea = (acdb + cdab) + (dcba + cbda) =
—acbd + (edab + cdab) — cbad = 2cdab — acbd — cbad = 2¢dab + bacd = 2¢cdab — abed,
as required.
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31. The lowest dimensions

Topics: Pseudo-Riemannian manifolds of dimensions 0 and 1; the curvature and Ricci tensors

of pseudo-Riemannian surfaces; the Gaussian curvature.

In a zero-dimensional pseudo-Riemannian manifold, the metric, curvature and
Ricci tensors, as well as the scalar curvature are all equal to zero by definition
(and they must be so, if we want the densors in question to represent multilinear
mappings in the zero-dimensionaltangent spaces).

In dimension 1, the curvature tensor R of any pseudo-Riemannian metric is
zero, due to skew-symmetry of R(u,v)w in u,v. Hence Ric =0 and s = 0.

Finally, let (M,g) be a pseudo-Riemannian surface, that is, a pseudo-Riem-
annian manifold with dim M = 2. We define the Gaussian curvature of (M,g) to
be the function K = s/2: M — R, where s is the scalar curvature of (M, g).

ProPOSITION 31.1. The Ricci and curvature tensors of every pseudo-Riemann-
ian surface (M,g) satisfy the equalities Ric = Kg and R(u,v)w = K [g(u,w)v —
g(v,w)u], as well as s = 2K, where u,v,w are any vector fields or vectors tangent
to M at any point, and K is the Gaussian curvature. In local coordinates,

(31.1) a) Rjy” = K(g;p0] —gp0)), b) Rjy = Kgj.

PROOF. For any fixed point x* € M we may treat R, as a skew-symmetric
bilinear mapping from T, M xT,M into the vector space of skew-adjoint operators
T,M — T,M. (See Proposition 28.2.) Since the latter space is 1-dimension-
al (cf. (12.7)) and dim M = 2, such skew-symmetric mappings form a 1-dimen-
sional space as well, and so R, much be a multiple of the mapping taking the
vectors v,w € T, M to the operator g,(u,w)v — g(v,w)u. (In fact, the latter
mappings is nonzero and has all the required properties). This yields (31.1.a) and,
by contraction, we also obtain (31.1.b) and s = 2K. O

Problems

1. Let (M,g) be a l-dimensional pseudo-Riemannian manifold. Verify that the
geodesics of (M, g) are precisely those C! curves I >t +— z(t) € M, where
I C R is an interval, which have constant speed. (The latter means that g(&, &)
is constant as a function of ¢ € I.) (Hint below.).

2. Let V be a connection on a manifold M. One says that a submanifold N of
M is totally geodesic (relative to V if, given any z € N and v € T,N C T, M,
we have exp,tv € N for all t € R sufficiently close to 0. Show that

(a) the image of any nonconstant injective geodesic of V is a 1-dimensional
totally geodesic submanifold of M,

(b) any affine subspace of an affine space (M,V,+) is totally geodesic relative
to the standard flat connection in TM = M x V (Example 21.1),

(c) all zero-dimensional submanifolds of M and open submanifolds of M are
totally geodesic.

Hint. In Problem 1, one implication is clear from Problem 1 of §30. Next, assuming
constant speed and leaving aside the obvious case g(&, %) =0 we get g(Viz,2) =0
(see Problem 4 in §28), and so V;& = 0. Namely, as g(&,£) now is a (nonzero)
constant, @(t) spans T,4)M at every t € I.
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32. Riemannian manifolds as metric spaces

Topics: Curve length; the distance function; the exponential mapping; Gauss’s Lemma; the
injectivity radius; a distance-preserving property of the exponential mapping; the metric-space

axioms.

By the length of a piecewise C! curve [a,b] >t — z(t) € M in a Riemannian
manifold (M, g) we mean the number

(32.1) L = /b & (t)] dt .

Let (M,g) now be a connected Riemannian manifold. The distance function d :
MxM — R of (M,g) assigns to (z,y) € M x M the infimum d(z,y) of the
lengths of all piecewise C' curves in M joining x and y.

The following lemma uses the subscript conventions of §25.

LEMMA 32.1. Suppose that we are given a Riemannian manifold (M,g) a C?
mapping (t,s) — x(t,s) € M, defined on a rectangle [a,b] X [¢,d] in the ts-plane.
If x4 = 0 identically and |x¢| is constant on the rectangle, then (x; xs)y = 0
identically on the rectangle.

In fact, (xy,zs) = (Te,xs) + (T, 25e) = 0, since xyy = 0 and xg = @y
(Problem 2 in §25), so that (x;, zs) = (T¢, Tes) = (T, T1)s /2.

The ezponential mapping of a Riemannian manifold (M, g) at a point = € M
is the mapping exp, : U, — M defined as in the lines following (22.7) for the Le-
vi-Civita connection V of (M, g). Lemma 32.1 easily implies the following classical
result known as the Gauss lemma.

LEMMA 32.2. Given a Riemannian manifold (M,g), a point © € M, and
v € Uy, let H:T,M — TyM be the differential of exp, : U, — M at v, where
y = exp,v and T,U, is identified with T, M as in Examples 5.1 and 5.3. Then,
for we T,M = T,U, such that g,(v,w) =0,

(32.2) gy(Hv, Hv) = gz(v,v), gy(Hv, Hw) = 0.
PROOF. See Problem 1. O

For a Riemannian manifold (M,g) and x € M, let [a,b] o t — v(t) € U, be a
piecewise C! curve. Then, with L as in (32.1) for z(t) = exp,v(t),

(32.3) L > |r() —r(a)l, where r(t) = |v(t)].

In fact, we may assume that r(a) # r(b). Problem 2 thus allows us to replace
[a,b] with a subinterval [e¢,d] such that r(c) = r(a), r(d) = r(b) and r(t) > 0
for all ¢ € (¢,d). Then r is a Cl-differentiable function of ¢ € (c,d), and so we
may use the argument presented below; however, once (32.3) is proved for [c,d]
rather than [a,b], it will clearly follow for [a,b] as well. Namely, suppressing the
dependence of #,v and r on t, and writing H for the differential of exp, at
v(t), we have & = Ho (by the definition of the differential, cf. (5.16)). Hence
L> [Hldt = [ Holde > [T, 0)|/lo]dt = [L1Fde > | [ dt] = [r(d) = (o)),
with the last two inequalities provided by Problems 3 and 4, and (,) denoting the
Euclidean inner product g, in T,M. (When one of r(a),r(b) is zero, this still
makes sense for improper integrals.)
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If, in addition, the differential of exp, at v(t) is injective for every ¢ € [a, b],
the case where the inequality (32.3) is actually an equality is characterized as follows:

L = |r(b) —r(a)| if and only if all v(¢) lie in a single line segment ema-

(32.4) nating from 0 in T, M and the function ¢ — r(t) is (weakly) monotone.

In fact, this is clear since we understand the equality case in each of the three
inequality steps involved in the above proof of (32.3). (See Problems 3 and 4; the
replacement of [a,b] with [c,d] makes L smaller except when the curve z(t) is
constant on both [a,c] and and [d,b].)

Let (M,g) again be a connected Riemannian manifold. The injectivity radius
of (M,g) is the function riy; : M — (0,00] assigning to every x € M the supre-
mum Tizj(x) of those ¢ € (0,00) for which the domain U, of exp, contains the
open ball U, of radius ¢ centered at 0 in the Euclidean space T,M, and exp,
maps U, diffeomorphically onto an open set in M. (That riy(z) > 0 is clear as
¢ with the named property always exists; see the lines following (22.7).)

LEMMA 32.3. Let there be given a point x of a Riemannian manifold (M, g), a
real number € with 0 < € < rizj(x), and a continuous curve [a,c] 3t — x(t) € M
with x(a) € exp,(U:) and z(c) ¢ exp,(U:), where U, is the open ball of radius
e around 0 in T,M. Then there exists b € (a,c] such that z(t) € exp,(U:) for
all t € [a,b) and z(b) € exp,(Se), with S. denoting the sphere of radius € in
T,M, centered at 0.

PROOF. Let b be the supremum of those t' € [a,c] with z(t) € exp,(U.) for
all ¢t € [a,t']. We may choose sequences t; € [a,b] and v, € U, with tx — b
as k — oo and z(ty) = exp,vr. Passing to a subsequence, we may also assume
that vy, — v as k — oo, for some v € T, M with |v| < e. Hence, by continuity,
z(b) = exp,v. If wehad |v| < &, the point z(b) would lie in the open set exp, (U.),
and, consequently, so would z(t) for all ¢ > b sufficiently close to b, contrary to
how b was defined. Hence |v| = ¢ and z(b) € exp,(S:), as required. O

PROPOSITION 32.4. Let x be a point in a connected Riemannian manifold
(M,g), and let v e T, M be a vector with |v| < rinj(z). Then

(32.5) d(z, exp,v) = |v],

with |v| denoting, as before, the Euclidean norm of v, so that |v|* = g.(v,v).

If v #0, the piecewise C' curves [a,b] 3 t — x(t) € M with z(a) = x and
x(b) =y, where y = exp, v, that have the minimum length |v| are those and only
those having the form xz(t) = exp, [s(t)v/|v|] with any nondecreasing piecewise C*
surjective function s : [a,b] — [0, |v]].

ProoF. That [0,1] 5 ¢ — exp,tv is a curve of length |v| is a trivial exercise.
Next, let L be the length of any piecewise C! curve [a,b] 3 t — z(t) € M with
z(a) = x and z(b) = y which is not of the special form described in the final clause
of Proposition 32.4. Then L > |v|. In fact, we may choose the maximum ¢ of those
t € [a,b] for which the restriction of the curve to [a,t] lies in the exp, -image of
the closed ball in T, M centered at 0 and having the radius |v|. Thus, ¢ > a, since
x(a) = x and exp, is diffeomorphic on a neighborhood of 0 in T, M (see §22),
while, as it is a closed ball that we use, x(c) = exp,u for some unique u € T, M
with |u| < |v|, and, necessarily, |u| = |v]|, since the strict inequality |u| < |v| would
contradict maximality of c.
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If our curve is not constant on [c,b], its length L is greater than the length L
of its restriction to [a,¢|, so that L > L' > |v| from (32.3) (for L, a,c rather than

L,a,b, with r(a) =0 and r(c) = |u| = |v|). If, however, it is constant on [c, b], the
entire curve lies in the exp -image of the closed ball mentioned above, and L > |v|
by (32.3) and assertion (32.4). This completes the proof. O

COROLLARY 32.5. Suppose that (M,g) is a connected Riemannian manifold,
x € M, and € is a real number with 0 < € < rinj(x). Then the radius € open
metric ball around x in M is the exp,-diffeomorphic image of the radius €
Fuclidean open ball U, centered at 0 in T,M.

PrOOF. In view of Proposition 32.4 it suffices to show that every y € M such
that d(z,y) < e lies in exp,(Uc). To this end, let us fix a piecewise C! curve
[a,c] >t +— x(t) € M of length L < ¢ with z(a) = 2 and x(c) = y. If we had
y ¢ exp,(U.), choosing b as in Lemma 32.3 we would have L > d(z, (b)), and so
L > ¢ by Proposition 32.4, contrary to how the curve was chosen. O

We will now show that the distance function d satisfies the usual axioms of a
metric space (cf. §73 in Appendix B), namely: d(z,y) = d(y,z) (symmetry),
d(z,z) < d(z,y) + d(y, 2) (the triangle inequality), d(z,z) =0, and d(x,y) >0
if x #y (positivity), for any z,y,z € M.

THEOREM 32.6. Let d be the distance function of a connected Riemannian
manifold (M,g). Then
a. (M,d) is a metric space,
b. the metric-space topology of (M, d) coincides with the manifold topology of
M.

PrROOF. The metric-space axioms other than positivity are completely straight-
forward. To prove positivity, suppose that =,y € M and x # y. Choosing € € R
with 0 < € < rinj(x) such that the open ball U. of radius ¢ in T, M, centered at
0, is contained in the exp,-diffeomorphic pre-image of a neighborhood of = in M,
not containing y, we see from Corollary 32.5 that y does not lie in the radius ¢
open metric ball around z in M, and so d(z,y) > € > 0. This proves (a).

Assertion (b) is in turn immediate from Corollary 32.5. O

Problems

1. Prove the Gauss lemma. (Hint below.)

2. Let t — r(t) be a nonnegative continuous function on a closed interval [a, b],
and let r(a) # r(b). Prove that [a,b] contains a nontrivial subinterval [c,d]
such that r(c) = r(a), r(d) =r(b) and r(t) >0 for all ¢ € (¢,d).

3. Suppose that |Hv| = |v| and (Hv, Hw) =0 for a linear operator H : V — V'
between Euclidean spaces, a fixed vector v € V\{0}, and all vectors w € V
with (v,w) =0 (where (,) denotes both inner products). Prove the inequality
|Hw| > |(v,w)|/|v| for every w € V, and, if H is also injective, the inequality
is strict unless w is a scalar multiple of v.

4. Given a continuous function f : [a,b] — R on a closed interval, verify that
’fj f(t)dt] < fab |f(t)| dt, and the inequality is strict unless f >0 on [a,b] or
f<0 on [a,b].

5. Verify that fab |z(t)|dt > |x(b) —x(a)| whenever [a,b] 5t x(t) is a piecewise
C! curve in an affine Euclidean space.
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6. Show that the claim made in Problem 4 remains true even if one replaces < by
=, provided that an open ball of infinite radius in M is defined to be M.

7. Let d, d’ be the distance functions of a connected Riemannian manifold (M, g)
and, respectively, a connected submanifold M’ of M endowed with the sub-
manifold metric ¢’. Show that d < d’ on M’ x M’.

Hint. In Problem 1, apply Lemma 32.1 to z(t,s) = exp,tv(s), where s — v(s) is
a C! curve in U,, contained in a sphere centered at 0 in T, M.

Hint. In Problem 2, the last inequality will follow if r(¢) lies between r(a) and
r(b) and is different from both of them, for every t € (¢,d). For instance, choose
d = min{t € [a,b] : r(t) = r(b)}, and then ¢ = max{t € [a,d] : r(t) = r(a)}.

33. Completeness

Topics: Positive lower bounds for the injectivity radius; geodesics as distance-minimizing curves;

geodesic completeness versus metric completeness; the Hopf-Rinow theorem.

LEMMA 33.1. For any compact subset Y of a connected Riemannian manifold
(M,g) there exist € >0 and an open set U containing Y such that rinj > € on
U, where rin; is the injectivity radius of (M, g).

In fact, the Borel-Heine theorem allows us to assume that Y consists of a single
point. The assertion is now obvious from the inverse mapping theorem (see §74 in
Appendix B). Namely, the mapping

(33.1) (z,v) — (x,exp,v)

restricted to a suitable neighborhood in TM of any given point (z,0) lying in the
zero section M C TM, sends that neighborhood diffeomorphically onto an open
set in M x M. Note that (33.1) is defined and C°°-differentiable on some open
set in T'M containing the zero section, due to the regularity theorem for ordinary
differential equations with parameters; see §80 in Appendix C.

One says that a piecewise C! curve [a,b] > t +— x(t) € M is minimizing
if its length L equals d(z(a),z(b)). For any c¢ € (a,b) the restrictions of the
curve to [a,c] and [c¢,b] then are minimizing as well. To prove this, note that
L =d(z(a),z(d)) < d(x(a),z(c)) + d(z(c),z(b)) < L'+ L” =L, where L', are the
lengths of the restrictions, and so all inequalities used here must in fact be equalities.
Applying this principle twice in a row, we see that the restriction of a minimizing
curve to any closed subinterval of its parameter interval is also a minimizing curve.
It its therefore natural to agree that a piecewise C' curve I >t — z(t) € M
defined on an arbitrary interval I should be called minimizing if its restriction to
every closed subinterval of [ is a minimizing curve.

In view of (32.5), every geodesic [a,b] 3 t — z(t) € M of length L which is
less than riyj(z(a)) or rinj(x(b)) is necessarily a minimizing curve.

Conversely, every minimizing curve I 3 t — x(t) € M “is a geodesic” in the
sense that it is obtained from some geodesic by a reparameterization, or, more pre-
cisely, that z(t) = exp,, [s(t)v] for some (weakly) monotone piecewise C* function
I>tr s(t) € R, some z € M, and some v € T, M with s(t)v € U,, for all ¢t € I.

To see this, first assume that I = [a,b] is a closed interval and d(x(a),z(b))
is less than rinj(z(a)) or rinj(xz(b)). Our claim then is immediate from the final
clause of Proposition 32.4. The general case now easily follows from Lemma 33.1.
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A connection V on a manifold M is said to be geodesically complete if its
every geodesic can be extended to a geodesic defined on the whole real line R.
This amounts to requiring that U, = T, M for every z € M (notation of §22).

Similarly, a Riemannian manifold (M, g) is called geodesically complete if so is
its Levi-Civita connection V.

The following theorem is due to Hopf and Rinow [HR].

THEOREM 33.2. In a geodesically complete Riemannian manifold (M,g), any
two points can be joined by a minimizing geodesic.

PROOF. Let us fix a point © € M and define A C [0,00) to be the set of
all 7 > 0 such that every point y € M with d(z,y) < r can be joined to x
by a minimizing geodesic (or, equivalently, equals exp, v for some v € T, M with
|v| = d(z, y)). Since = was arbitrary, we just need to show that A = [0, 00).

By Corollary 32.5, A contains every r with 0 < r < riyj(z). Also, if r € A,
then, clearly, ' € A for every ' € [0,7]. Thus, A is an interval and the equality
A =1[0,00) will follow once we show that r9 = sup A is infinite.

Let us suppose that, on the contrary, rg < oco. Then ro € A (that is, ro =
max A). In fact, let y € M be a point with d(z,y) = 7o, and let [a,b] > t —
xi(t) € M, k=1,2,..., be a sequence of piecewise C* curves of lengths L;, such
that zp(a) = z, z1(b) =y and Ly — ro as kK — oco. As Ly > ro = d(z,y), we
may find a sequence of parameters ¢ € [a,b] such that the length of the curve
2k (t) restricted to [a,cg] is ro — 1/k. The sequence yi = z(c) then converges to
y in M, since d(yk,y) does not exceed the length Ly — 7o+ 1/k of the restriction
of the curve xp(t) to [cx,b], while d(z,yx) < 19 — 1/k < r9 = sup A, and so
Yk = exp, vy for some v, € T, M with |vg| = d(z, yx) < ro. Boundedness of the
sequence vy implies that it has a subsequence convergent to some limit v € T, M.
Thus, y = exp,v due to continuity of exp,, which shows that rg € A.

The closed metric ball Y = {y € M : d(z,y) <o} is a compact subset of M,
as it is the exp-image of the closed Euclidean ball {v € T, M : |v| < rg}. Choosing
e for Y as in Lemma 33.1, we will now show that A contains (rg,r9 + €). (This
contradicts the maximality of rg in A, and hence shows that rg cannot be finite,
completing the proof.) Namely, let y € M and ¢ < d(z,y) < ro+¢e. Compactness
of Y allows us to find a point z € Y having the minimum distance § > 0 from y.
It follows that § < e. (In fact, let us choose a curve joining = to y and having
length L with rg < L < rg+¢. Using a point 2’ on the curve to partition it into two
segments of lengths ro and L —rg we see that 2z’ € Y and d(y,2’) <L —rg<e.)
Thus, both « and y can be joined to z by minimizing geodesics, which for x
follows from the definition of A (as rg € A), and for z from Corollary 32.5 applied
to z instead of z (note our choice of ¢€). The lengths of the two geodesics are 7
and, respectively, our . (We have d(z,z) = g, since the inequality d(z,z) < ro
would also remain true at some points near z and different from z on the length
0 geodesic, contradicting the minimum property of ¢.) The two geodesics together
form a piecewise C! curve joining x to y, which is also minimizing (and hence a
geodesic, for reasons explained earlier in this section). Namely, if there existed a
curve connecting z to y and having some length L with ro < L' < rg + §, some
point z” on it would lie at the distance ro from z (as the distance function is
continuous), and so the length of the curve segment from 2” to y would be less
than or equal to L' — rg < §, which, as 2" € Y, would contradict the choice of
0. O
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A connected Riemannian manifold naturally constitutes a metric space (§32), which
may or may not be (metrically) complete, in the sense that every Cauchy sequence
in it converges. (See §73 in Appendix B.) Both kinds of completeness mean exactly
the same:

THEOREM 33.3. For a connected Riemannian manifold (M, g), with the dis-
tance function d, the following three conditions are equivalent:

a. (M,g) is geodesically complete,
b. every bounded closed subset of (M,d) is compact,
c. (M,d) is a complete as a metric space.

PROOF. Assuming (a) we get (b): a bounded set is contained in a metric ball,
which (by Theorem 33.2) is in turn contained in the exp,-image, for some x € M,
of a closed Euclidean ball (and the latter is compact). Next, (b) implies (¢): one
easily verifies (see Problems 3 and 4 in §73 of Appendix B) that a Cauchy sequence
is necessarily bounded; thus, by (b), it has a convergent subsequence; and hence
the Cauchy sequence is itself convergent. Finally, let us assume (c). To prove (a),
we suppose that, on the contrary, there exists a maximal geodesic ¢t — xz(t), with
some constant speed ¢ > 0, defined on an interval I # R. Using the parameter
change t — —t, if necessary, we may also assume that I has a finite upper endpoint
b. For any sequence tj in I such that t; — b as k — oo, the values z(t;) form
a Cauchy sequence, which, by (c), converges to some point z(b) € M. (Note that
d(z(t),z(s)) < ¢|t—s]|.) The limit x(b) does not depend on how ¢, were chosen (as
one sees considering the “union” of two such sequences), and so it equals the limit
of z(t) as t — b~. Let us now fix a coordinate domain U containing z(b) and
contained, along with its compact closure, in another coordinate domain, along with
a € I such that z(t) € U for all ¢ € [a,b]. Using the coordinate identification,
we may treat [a,b] > t — x(t) as a continuous curve in an open subset of R”,
n = dim M. As it has a constant g-speed ¢ > 0, its Euclidean speed (that is,
the Euclidean norm of (t)) is bounded, and so, in view of the geodesic equations
(22.6), the Euclidean norm of #(t) is bounded as well; this, however, implies that
%(t) has a limit in R™ as ¢ — b~. (See Problem 3 in §79 of Appendix C.) Using
that limit as the initial velocity for a g-geodesic [b,b+ €) > ¢ — x(t), we thus
extend the original geodesic past b, contrary to its maximality. (The extension,
being of class C!, is necessarily also of class C°°, by (22.6).) This contradiction
completes the proof. O

The diameter of a connected Riemannian manifold (M, g) is defined by
(33.2) diam (M, g) = sup{d(z,y):z,y € M} € [0,00].
Thus, M is bounded (as a set in (M, g)) if and only if diam (M, g) < occ.

As an obvious consequence of Theorem 33.3, we have

COROLLARY 33.4. A complete Riemannian manifold is bounded, that is, has a
finite diameter, if and only if it is compact.

Problems

1. Show that, given a point 2 € M, every neighborhood of (x,0) in TM contains
a neighborhood of the form {(y,v) € TM :y € U and |v| < €} for some € >0
and some neighborhood U of z in M.
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2. For any manifold M and any point x € M, describe a natural isomorphic
identification T, 0)(TM) =T, M x T, M.

3. Show that the differential of (33.1) at every (x,0) in the zero section is, under
the identification of Problem 2, given by (v,w) — (v,v + w).

4. Verify that the square of the distance function d of any connected Riemann-
ian manifold (M, g) is of class C'* on some open set containing the diagonal
{(z,x):x € M} in M x M. (Hint below.)

5. Let h be the submanifold metric of a totally geodesic submanifold N in a
Riemannian manifold (M, g). Prove that the geodesics of (N, h) are precisely
those geodesics of (M, g) which are contained in N. (Hint below.)

6. Given two Riemannian metrics g, h on a manifold M and a compact subset Y
of M, show that there exist positive constants e, C' such that

eh(v,v) < g(v,v) < Ch(v,v)

for all z €Y and all v € T, M. (Hint below.)
7. Generalize Problem 6 to Riemannian/Hermitian fibre metrics in vector bundles.

Hint. In Problem 4, cover the diagonal with diffeomorphic images, under (33.1),
of neighborhoods of (z,0), for z € M.

Hint. In Problem 5, note that the geodesics of (M, g) contained in N are mini-
mizing curves in (N, h) (Problem 7 in §32), and realize all initial conditions in N.
(We are free to assume that M, N are both connected, by restricting our discussion
to one connected component of N at a time, and the connected component of M
which contains it.)

Hint. In Problem 6, argue by contradiction: if the infimum (or supremum) of
g(v,v)/h(v,v) over nonzero vectors v tangent to M at points of Y were 0 (or,
respectively, oo), choosing a convergent sequence of points in a coordinate domain,
realizing such a limit, and vectors v which are unit relative to the Euclidean norm,
we get a contradiction with positive definiteness of g or h.

34. Convexity

Topics: Strongly convex sets; the strong local convexity theorem.

Given a connected Riemannian manifold (M, g) and an open set U C M, we
say that U is strongly convez if any two points y, z € U can be joined by a unique
minimizing geodesic in M, and, in addition, that unique minimizing geodesic

a. lies entirely in U, and

b. depends C°°-differentiably on y and z, that is, has a parameterization of

the form [0,1] >t — exp,tv with a vector v € U, depending on y, z so as
to form a C* differentiable mapping U x U > (y, z) — v € V.

The following fact may be called the strong local convexity theorem.

THEOREM 34.1. Let Y be a compact subset of a connected Riemannian man-
ifold (M,g). Then there exists € >0 such that every open ball of radius less than
e in M, centered at any point of Y, is strongly convex.

PROOF. According to Lemma 33.1, there exists an open ball in M, centered
at x, on which rj,; > € for some ¢ > 0. Any sufficiently small concentric open
ball U of radius less than both €/2 and the radius of this ball will automatically
satisfy all of our claims except, possibly, assertion (a) in the above definition; this is
clear from the final clause of Proposition 32.4 and the last paragraph of §11 along
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with the fact that Exp must be diffeomorphic (cf. Problem 3 in §33) on some
neighborhood of (z,0) in TM having the form described in Problem 1 in §33.

Next, for every point y in an even smaller, and sufficiently small, open ball U
centered at = and every unit vector v € T, M, we have

d? 9
@[d(x,expytu)] o 0.

In fact, the left-hand side of (34.1), with any fixed z, is a C'* function of (y,u)
on a suitable open set in TM (where u is not assumed to be unit; see Problem 4
in §33). If the inequality (34.1) failed for y arbitrarily closed to = and some unit
vectors u, choosing a sequence of such “counterexamples” and replacing it with a
subsequence for which the sequence of the u converges, while the y (necessarily)
tend to x, we would get nonpositivity of the left-hand side of (34.1) for y = =
and some unit vector u € T,, M, which clearly contradicts the fact that, by (32.5),
d(z, exp tu) = t.

Relation (34.1) will still hold if, instead of ¢ = 0, the second derivative is
evaluated at any value ¢ of ¢ in an interval I = [a,b] containing 0 and such that
exp,tu € U for every t € I. (In fact, [a —c,b—¢c] >t + exp,(c+t)u then is
also a unit-speed geodesic in U.) We now obtain (a) from Problem 1 applied to
f(t) = [d(z, exp,tu)]*. This completes the proof. O

(34.1)

COROLLARY 34.2. For every compact connected Riemannian manifold (M, g)
there exists € > 0 such that every open ball in M of radius not exceeding € is
strongly convex.

Problems

1. Let a C? function f : [a,b] — R have a positive second derivative. Show that
f < max{f(a), f(b)} everywhere in [a,b].

2. Let H be a nonempty set of isometries of a given Riemannian manifold (M, g)
onto itself. Show that the set

(34.2) Y = {x € M: F(z) =x for every F € H}

is either empty, or it is a disjoint union of totally geodesic submanifolds of (M, g),
each of which is closed as a subset of M and carries the subset topology. (Hint
below.)

Hint. In Problem 2, for any given point « € Y, choose ¢ with 0 < ¢ < ripj(z) and,
letting U, stand for the open ball of radius € in T, M, centered at 0, note that the
preimage of YNexp,(U.) under the diffeomorphism exp,, : Uye — exp_(U.) is the
intersection of U, and the vector subspace {v € T, M : dF,v = v for every F € H}
of T, M.

35. Myers’s theorem

Topics: The unit sphere bundle for a vector bundle with a Riemannian or Hermitian fibre met-
ric; the unit tangent bundle of a Riemannian manifold; the Ricci curvature function; the Myers
theorem.

Let (,) be a Riemannian (or, Hermitian) fibre metric in a real (or, complex)
vector bundle 7 over a manifold M. By its unit sphere bundle we mean the subset
n' of the total space 7 formed by all (z,¢) with (¢,¢) = 1. Since (x,¢) — (¢, ¢)
is a continuous function 7 — R (Problem 1), n' is a closed subset of 7. Moreover,
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n' is compact whenever M is (Problem 2). Actually, n' is also a codimension-one
submanifold of 1 endowed with the subset topology (see Problem 3), although we
do not need that fact in the present discussion. When 7 is the tangent bundle
TM of a Riemannian manifold (M, g), we will call n' the unit tangent bundle of
(M,g) and denote it by T'M.

The Ricci curvature of a Riemannian manifold (M, g) is the real-valued func-
tion on TM, denoted by Ric (just like the Ricci tensor), which sends any (x,u) €
T'M to Ric(u,u). Since the Ricci tensor is continuous, so is Ric: T'M — R (due
to the local-coordinate formula Ric(u,u) = R;ufu®).

The following classical result of Myers [M] establishes a relation between the
diameter of a complete Riemannian manifold and its Ricci curvature.

THEOREM 35.1. Let a complete Riemannian manifold (M, g) satisfy the Ricci-
curvature lower bound

(35.1) Ric > (n—1)¢ > 0, where n=dimM,

with a constant 6. Then

i. M s compact,
ii. diam (M, g) < ﬂ/\/g

PROOF. Let [a,b] >t w(t) € TypyM be any C° vector field with w(a) =
w(b) = 0, tangent to M along any minimizing geodesic [a,b] > t — xz(t) of
(M,g). Let us also choose a C° mapping (¢,s) — z(t,s) € M, defined on a
rectangle [a,b] X [c,d] in the ts-plane, such that z(t,¢) = z(t), z(a,s) = z(a),
x(b,s) = x(b) and z4(t,c) = w(t) for all ¢,s, with the subscript conventions of
§25. (For instance, we may set x(t,s) = exp, ) [(s — c)w(t)].) Defining L(s) and

A(s) for s € [e,d] by L(s) = [ |z,(t,s)|dt and 2A(s) = [* |a(t, 5)|2dt, we obtain
(35.2) 2(b—a)A(c) = [L(c)]? < [L(s)]® < 2(b—a)A(s) for all s.

In fact, the three relations, from left to right, follow since the function ¢ +— |&(t)| is
constant (Problem 1 in §30), the original geodesic ¢ — z(t) = x(¢,¢) is minimizing,
and, respectively, from the Schwarz inequality for the L? inner product of functions
[a,b] = R. Thus, A(s) assumes its minimum value at s = ¢, leading to the second-
derivative relation A”(c) > 0. However, writing 2A(s) = (x4, z¢), where (, )
is the appropriate L? inner product, we obtain the derivative formula 2A’(s) =
(x4, 245) = (x4, 251) = — (x4, x5) (integration by parts, with the boundary term
vanishing as w(a) = w(b) = 0), and so A”(c) = —(zus,7s) (at s = ¢), in view
of the geodesic equation x4 (t,¢) = 0. Since Tys = Tsr — R(Ts, )2 (see (25.6))
and x,(t,c) = w(t), relation A”(c) > 0 thus reads 0 > (w, V;Viw — R(w, &)&) =
(R(z,w)x,w) — (Viw, Vzw), that is, after integration by parts, with (, ) as above,
(R(z,w)E,w) < (Vzw, Vzw) for any w such that w(a) = w(b) = 0.

Let ¢ now stand for the derivative of any C'* function ¢ : [a,b] - R with
v(a) = ¢(b) = 0. Given a parallel unit vector field ¢t — wu(t) along our geodesic t —
x(t), we have (p?R(i,u)d,u) < f; p2dt, as one sees applying the last inequality
to w = pu. Summing this over n orthonormal fields u with this property, one of
which is tangent to the geodesic, we get f; ©?Ric(d,2)dt < (n—1) f; (2 dt, which,
combined with (35.1), gives 6L2 [* p2dt < (b— a)? [7 ¢?dt, with L denoting the
length of the original minimizing geodesic.
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So far the C'* function ¢ with ¢(a) = ¢(b) = 0 was arbitrary. Now, choosing
©(t) = sin[r(t — a)/(b — a)], we can rewrite the last inequality as §L* < 72, that
is, L < w/+/6. This yields (ii), and, in view of Corollary 33.4, also implies (i),
completing the proof. O

Problems

1. Verify that, for any pseudo-Riemannian or pseudo-Hermitian fibre metric g =
(,) in a C* real or complex vector bundle 1 over a manifold, the assignment
(, ) — (¢, ¢) defines a C*° function n — R.

2. Show that the unit sphere bundle n' is compact if so is the base manifold M.
(Hint below.)

3. Prove that the unit sphere bundle n! is a codimension-one submanifold of 7,
carrying the subset topology. (Hint below.)

Hint. In Problem 2, M is covered by finitely many open sets whose closures Y

are compact and contained in local trivialiation domains, while 7' is the union of

the compact sets 7' N7~ 1(Y), with 7 : 7 — M denoting the bundle projection.

Hint. In Problem 3, note that nonzero real numbers are regular values of the

function in Problem 1.



CHAPTER 7

Integration

36. Finite partitions of unity

Topics: Support of a continuous section of a vector bundle; compactly supported sections; finite

partitions of unity; small supports.

Let % be a global section of a vector bundle 7 over a manifold M. The support
of 1, denoted supp v, is the closure in M of the set {x € M : ¢)(x) # 0}. In other
words, supp is the complement M\U of the largest open subset U of M on
which ¢ vanishes (‘largest’ meaning the union of all such open subsets). We also
say that 1 is compactly supported if suppt) is compact, and that it is supported
in an open set U C M if suppy C U.

Suppose that Y is a subset of a manifold M. By a finite partition of unity
for Y we mean any finite family @1, ..., px of compactly supported C*° functions
@g: M — R such that 0 <, <1 forall ¢g=1,...,k,and o1 +---+ ¢ =1
on some open set containing Y. If; in addition, I is an open covering of Y (§14),
that is, a family of open sets in M whose union contains Y, we will say that the
partition of unity 1,...,pr for Y is subordinate to U if for every q € {1,...,k}
there exists U € U with suppy, C U.

LEMMA 36.1. Let U be an open covering of a compact subset Y of a manifold
M. Then there ezists a finite partition of unity for Y, subordinate to U.

PrROOF. Every manifold M satisfies, by definition, the countability axiom
(814). Given z € M, let us choose open sets U'(z), U(x), U* and a compactly
supported C'*° function f, : M — [0,00) with U® e U, z € U'(x) C U(x) C U”
and f, > 0 on U'(z). (See Problem 19 in §6.) In view of the Borel-Heine
Theorem (§14) there is a finite collection of points z1,...,zr € M such that
Y C ngl U'(zq). Let us write U,, U; and f, instead of U(z,), U'(z,) and f*a.
Now U’ =UjU...U Uj is an open set containing Y and f = fi + ...+ fi is
positive on U’. Choosing a C* function ¢ : M — R with ¢ = 1 on an open
set containing Y and suppe C U’ (see Problem 3), we may define the required
functions ¢q, ¢ =1,...,k, by ¢4 = ¢fq/f. This completes the proof. O

We will say that a subset Y of a manifold M is small if it is compact and contained
in an open set diffeomorphic to an open ball in R", n = dim M. The components
27 of such a diffeomorphism then form a coordinate system, whose domain contains
Y.

Applying Lemma 36.1 to the family of all open sets U diffeomorphic to an
open ball in R”, n = dim M, we obtain the following result.

PROPOSITION 36.2. For any compact subset Y of a manifold M, there exists a
finite partition of unity ¢1,...,¢k for Y such that the support of each @4 is small.

121
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Here is a further consequence.

COROLLARY 36.3. Every compactly supported C' section v of any vector bun-
dle n over a manifold, where I = 0,1,...,00, can be written as a finite sum
=11 + ...+ P of C' sections of n whose supports are all small.

In fact, we may set 1, = @41, with ¢, chosen as in Proposition 36.2.
The next result will not be needed until §58:

LEMMA 36.4. For every compact connected n-dimensional manifold M there
exist an integer k > 1, open sets Uy C M and C* functions ¢4 : M — R,
q=1,...,k, such that

a. Each U, is diffeomorphic to an open ball in R”,

b. The support of each ¢4 is compact and contained in U,

k
C. Zq:l g =1,
d. U,NUg41 is nonempty for all g =1,...,k—1.

PRrROOF. For every = € M, let us choose open sets U(x), U'(x) with z €
U'(z) € U(z) and such that there is a diffeomorphism of U(z) onto an open
ball in R™ which sends U’(z) onto a smaller concentric open ball. Thus, there
is a C* function f*: M — [0,00) with f® > 0 on U’(z), whose support is a
compact subset of U(z). By the Borel-Heine Theorem (§14) we can find a finite set
I' ¢ M such that M = J,.U'(z) and I is a minimal set with that property,
ie., Uyer U'(xz) # M for each proper subset I of I'. For every z € I' we may
thus select z(z) € M with

(36.1) 2z) e U'() \ | U).
z'el\ {z}

Since M is connected, we can find a continuous curve 7 : [a,b] — M whose image
v([a, b]) contains all z(x) with x € I', that is,

(36.2) {z(x):xz e} C v([a,b]).

Compactness of [a,b] now implies (Problem 2) that there are an integer k£ > 1 and
to,...,tx € R such that a =ty < t; < ... <1 = b and each of the curve segments
v([tg=1,tq]), ¢ =1,...,k, is contained in the set U’(z,) for some z, € I'. From
now on we will write Uy, U; and f, instead of U(z,), U'(z,) and f¥s. Now
(a) is obvious, and so is (d) since (tq) € Uy N Uyy1. Furthermore, the collection
Ui,...,Uy contains (possibly with repetitions) all the U(x) for = € I, since the
U, cover 7([a,b]), while no proper subfamily of the U(z) does (by (36.1), (36.2)).
Hence M =U,U... UU; andso f= fi1+...+ fi is positive everywhere on M.
Setting ¢4 = fy/f, we now obtain (b) and (c), which completes the proof. O

Problems

1. Let U be a family of open sets in R covering (that is, containing in their
union) a closed interval [a,b]. Show the existence of € > 0 such that for every
subinterval I of [a,b] whose length |I| is less than e, there is U € U with
I CcU. (Hint below.)

2. Let U be a family of open sets in a manifold M and let v : [a,0] = M
be a continuous curve whose image set ~y([a,b]) is contained in the union of
U. Prove the existence of an integer £ > 1 and tg,...,tx € R such that
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a =1ty <ty < ...<tp =0b and each of the curve segments ~([tq—1,%4]),
qg=1,...,k, is contained in some U € Y. (Hint below.)

3. Separation of sets by functions. Let there be given a manifold M (satisfying,
by definition, the countability axiom, cf. §14), a closed subset K of M and a
compact subset K’ of M. Prove that, if K and K’ are disjoint, then there
exists a C'*° function f: M — R with 0 < f <1 and f =1 on an open set
containing K, as well as f =0 on an open set containing K’. (Hint below.)

Hint. In Problem 1, if no such & > 0 existed, we could find two sequences xx, Yk
in [a,b] with |z —yr| — 0 as k — oo, while, for each k, [xg,yx] would not be
contained in any U € U. Choosing a convergent subsequence of the xy, we then
obtain a contradiction.

Hint. In Problem 2, extend ~ continuously to an open interval containing [a, b]
(e.g., making it constant beyond a and beyond b), and then apply Problem 1 to
the family of ~-preimages of the sets forming .

Hint. In Problem 3, for any fixed x € K’ there is a function ¢ = ¢, satisfying
the conditions in Problem 19 of §6, including ¢, = 0 on some neighborhood U, of
z. By the Borel-Heine theorem, finitely many of the U, cover K’ and we can let
f be the product of the corresponding ¢,.

37. Densities and integration

Topics: Densities in real vector spaces; components; positivity; the bundle of densities; densities
on manifolds; the volume element of a Riemannian manifold; a generalization to the pseudo-Riem-
annian case; integration of compactly supported densities on manifolds; the volume of a compact

manifold with a fixed positive density.

Let V be a real vector space of dimension n, with 0 < n < oo, and let B(V)
be the set of all (ordered) bases of V. By a density in V' we mean any function
w: B(V) = R with the property that

(37.1) pr = T, with J = det[ef],

for any two bases e, and e, of V. Here we write p;. ., instead of u(e,...,en),
while J is the determinant of the transition matrix [e%,] with the entries charac-
terized by e, = el/e,.

A density thus is uniquely determined by the value it assigns to any single fixed
basis; in other words, densities in V form a line (that is, a 1-dimensional real vector
space). The line of densities in V is naturally oriented, since a nonzero density is
clearly either positive or negative as a real valued function. A fixed basis e, of V'
naturally distinguishes a positive density p characterized by py., = 1.

When n = 0, the set B(V') has just one element (the empty basis), so that den-
sities in V = {0} are nothing else than real numbers, with the unique distinguished
density correponding to the number 1.

Applying this fibre-by-fibre to any C'* real vector bundle 7 over a manifold M,
we obtain the C* real-line bundle of densities in 7, with the local trivializing C'*®
sections distinguished as above (at each point of the trivialization domain) by all
possible local C° trivializations of 7. (Differentiability of the resulting transition
functions is obvious from (37.1).) In the case of the tangent bundle n = TM,
global sections of its bundle of densities will from now on be called densities on the
manifold M. A density p on M is represented, in any local coordinates, by its
component function 1. 5, defined, at any point = of the coordinate domain. by
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p1.n(x) = w(pi(x),...,pn(x)), where p; are the coordinate vector fields. A density
on M is positive (at every point) if and only if so are its component functions in
all local coordinate systems.

A Riemannian metric ¢ on a manifold M canonically defines a positive C°
density p on M, known as the volume element of the Riemannian manifold (M, g).
Namely, given x € M, we declare p(z) to be the positive density in T, M natu-
rally distinguished, as descibed above, by any g-orthonormal basis of T,M. This
definition is correct, that is, p(z) does not depend on the choice of such a basis
(which is clear from (37.1) since, according to Problem 18 in §12, the transition
matrix A between two orthonormal bases has det 2 = £1). Instead of using the
generic symbol p, we will denote the volume element of a Riemannian metric g by
dg. In local coordinates x7, the component function 1., of p = dg is given by

(37.2) (dg)1... = \/detg, n=dimM

(see Problems 1 and 2), so that dg is C°°-differentiable; here det g is the function,
depending on the choice of the coordinates, which assigns to each point x of the
coordinate domain the determinant of the matrix [g;x(x)].

Suppose now that p is a compactly supported continuous density on a manifold
M. We define the integral of p to be the real number || M obtained as follows.
First, let us assume that supp p is small in the sense of §36, and choose a coordinate
system 27 containing supps in its domain. We then declare [, u to be the
ordinary integral of the component function p;. ., of p treated, with the aid of the
coordinate diffeomorphism, as a compactly supported continuous function on R,
where n = dim M. The latter integral does not depend on the coordinates used
(Problem 4).

Next, let p be an arbitrary compactly supported continuous density on M.
By Proposition 36.2, there exists a finite partition of unity ¢1,...,px for the
compact set suppw such that each suppyy, ¢ = 1,...,k, is small. We then

set [, = 2521 Jas Patt, where the small-support integrals [, @qu are defined
as above. Finally. the number thus obtained does not depend on the partition
of unity used, since for another such partition fi,..., f; the value 22:1 / a Jakt

coincides with Z’;:l Jas @qrt as they both equal 2221 25:1 Jas fawqn (here we
use the obvious linearity of the small-support integral in p).

Of particular importance is the case where the manifold M is compact and
the continuous density p on M (often assumed C°°-differentiable) is also positive
everywhere on M. (This is, for instance, the case with the volume element dg of
any compact Riemannian manifold.) If such pu is fixed, we refer to the integral

(37.3) VolM = /u € R,

as the volume of M. In dimensions 1 and 2 one employs the terms length and area
rather than ’volume’ and uses the symbol Area M for Vol M when dim M = 2.

Problems

1. Verify (37.2). (Hint below.)

2. Let there be given a positive C°° density p on a manifold M, and a positive
C® function ¢ : M — R. Prove that M admits an atlas in whose every chart
U1..n =@, where n = dim M. (Hint below.)
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3. Show that the volume element can be similarly defined in the more general case
of a pseudo-Riemannian metric. How must formula (37.2) be modified? (Hint
below.)

4. Verify that the integral of a continuous density with a small support, defined
above, does not depend on the choice of the coordinate system. (Hint below.)

5. Given a Riemannian manifold (M, g) and local coordinates =7 in M, show that

(37.4) a) []']k = Oplogy/detg, b) ¢"'Orgy = Oxlogdetyg,

where Fjlk are the Christoffel symbols of g, and det g is the same coordinate-
dependent function as in (37.2). (Hint below.)

Hint. In Problem 1, fix a point x in the coordinate domain and treat both sides
of (37.2) as functions B — R. Then note that they agree on orthonormal bases,
and obey the same transformation rule under a change of basis.

Hint. In Problem 2, fix a coordinate system z7 at any given point y and use it to
find new coordinates at y that have the required property. In view of (37.1) and
the inverse mapping theorem, this amounts to finding n functions F',..., F" of
the variables x7 that are of class C*™ and p1.., = ¢ det [@F’“]. We may choose
F?2 =22 ... F"=2" and let F! be any function with 0, F' = uy._,,/¢.

Hint. In Problem 3, note that Problem 18 in §12 can still be applied. Under the
square root symbol in (37.2), the determinant must be replaced by its absolute
value.

Hint. In Problem 4, use the transformation rule (37.1) and the change-of-variables
formula for n-dimensional Riemann integrals.

Hint. In Problem 5, (b) is immediate from (8.21) with ¢ = z* and F = [g;;], while
(a) then easily follows if one sums (30.3) over j = [, noting that two of the three
resulting terms cancel each other due to symmetry of ¢g7% (Problem 1 in §29).

38. Divergence operators

Topics: The divergence operator corresponding to a differentiable positive density; the Laplacian
of a Riemannian manifold; more general divergence operators; divergences of the curvature and

Ricci tensors; the Bianchi identity for the Ricci tensor.
Any fixed positive C*° density p on a manifold M gives rise to the divergence

operator, which associates with every C' vector field w on M the function divw
defined, in local coordinates, by

(38.1) p1. pdivw = 8j(wjy1,__n), where n =dimM .

THEOREM 38.1. For any positive C'°° density p on a manifold M, the diver-
gence operator div with (38.1) is well defined, that is, independent of the choice
of the coordinate system. Furthermore, if p = dg is the volume element of a
Riemannian metric g on M, then, for every C' vector field w,

(38.2) divw = Trace Vw, thatis, divw = ij,
where V is the Levi-Civita connection of g, and Trace is the pointwise trace of
the vector-bundle morphism Vw : TM — TM.

PRrROOF. If we define div by (38.2), for a fixed metric g, the relation w’ ; =
ojw? + I}kak, obvious from (23.6), will yield (38.1) for p = dg, as one sees using
(37.4) and (37.2). Our assertion now follows since, by (37.2), every positive C'*°
density p on a coordinate domain U is the volume element of some Riemannian
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metric on U (for instance, one obtained when one multiplies a prescribed metric
by a suitable positive function). This completes the proof. O

For a fixed positive C* density p on a manifold M, a C' function f and a C!
vector field w, we have

(38.3) div (fw) = fdivw + duf,

as one easily sees using (38.1) and (5.14).
Let (M,g) be a Riemannnian manifold. The Laplace operator, or Laplacian, of
(M, g) is the operator sending every (local) C? function f on M to the function

(38.4) Af = divVf,

where Vf denotes the g-gradient of f. Thus, by (29.4),

(38.5) Af = f9; = Trace,Vdf = (g,Vdf) = ¢""f j,
Note that, by (38.4) and (38.3), with w = Vf,

(38.6) FAF = div(fVf) — [VfP?

for any C? function f on a Riemannnian manifold (M, g).

Suppose now that we are given a Riemannnian manifold (M, g) and a real
vector bundle n over M, along with a connection V in 7. We now define a
divergence operator which sends every C* section ¥ of Hom (n, TM) to the section
div¥ of n*, given by

(38.7) [div?¥]¢ = Trace{v+— [V,¥]¢}, thatis, [div¥], =", ,

for any € M and phi € n,, where v varies in T, M, and V stands also for the
connection in Hom (n, TM) induced by the connection V in 7 and the Levi-Ci-
vita connection of g. (The components refer to local coordinates z7 in M and a
local trivialization e, of 7.) This operator generalizes div for vector fields on a
Riemannnian manifold (Problem 1).

Some other special cases of (38.7) are of interest. First, given a C? vector field
w on a Riemannnian manifold (M, g), we may apply (38.7) to ¥ = Vw, which is
a section Hom (TM,TM) (and, in n = TM, the Levi-Civita connection is used).
The resulting divergence divVw is a cotangent vector field, and appears in the
identity

(38.8) Ric(w, -) = divVw — d(divw),
which is nothing else than a coordinate-free version of (24.12). As another example,

we can form the divergence div R of the curvature tensor field of any Riemannian
manifold (M, g), with the component functions

(38.9) (divR)jr = Rjmi® s -

As V is torsionfree, we may use the second Bianchi identity (26.8), that is, R s+
Risi? j + Rsji? 1, = 0. Summed over p = s, it yields the relation

(38.10) R’ s = Rjip — R j -
The coordinate-free version of (38.10) reads
(38.11) (div R)(u, v, w) = (V,Ric)(u, w) — (V,Ric) (v, w)

for any vectors u,v,w € T,M and any x € M.
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Next, since contractions commute with the covariant differentiation, we have
F'Rij® s = ("' Riw®) s = R;, , the R = g°' Ry being as usual the components of
the g-modified Ricci tensor. (Cf. Lemma 30.2.) Similarly,

(38.12) 9'Riig. = (¢"'Rj) e = s,1-

s being the scalar curvature. Therefore, “multiplying” (38.10) by ¢! we obtain
the following equality, called the Bianchi identity for the Ricci tensor:

(38.13) 2div Ric = ds, thatis, 2¢’'Ru,; = s.

where the divergence is applied to the modified Ricci tensor Ric, treated as a
section of Hom (T'M,TM).

Problems

1. How does the divergence operator for vector fields on a Riemannnian manifold
(M, g) arise as a special case of (38.7)? (Hint below.)

2. Verify that A[H(f)] = H'(f)Af + H"(f)|Vf|?> whenever f: M — R is a C?
function on a Riemannnian manifold (M, g), assuming values in some interval
I CR,and H:I — R is of class C?, while H(f) stands for the composite
Ho f,and H'is the derivative of H.

2. Show that Ric(w,w) = (divw)? — Trace (Vw)? + div [V,w — (divw)w] for any
C? vector field w on a Riemannnian manifold (M, g). Here (Vw)? is the vector-
bundle morphism T'M — TM obtained by composing Vw with itself. (Hint
below.)

3. A Riemannian manifold (M, g) is said to have harmonic curvature if divR =10
identically in M. Verify that this is the case if and only if the Ricci tensor
satisfies the Codazzi equation Rji 1 = Ry ;.

4. Let a connected Riemannian manifold (M, g) have harmonic curvature (Prob-
lem 3). Show that its scalar curvature is constant. (Hint below.)

Hint. In Problem 1, use the product bundle n = M x R with the standard flat
connection, noting the natural identification Hom (n,TM) =TM.

Hint. In Problem 3, use (24.12) to verify that Rjw® = w’ jwk — wi jywk =
w? jwk o —wd gk 4+ (W pwk) ; — (w? jwk) k.

Hint. In Problem 4, “multiply” the equality R = Ry, (see Problem 3) by g7
and use (38.12) — (38.13).

39. The divergence theorem

Topics: The divergence theorem; Bochner’s Lemma; Bochner’s integral formula.

We begin with a classical result, usually referred to as the divergence theorem:

THEOREM 39.1. For any compactly supported C vector field w on a manifold
any fized positive C*° density pu on a manifold M, we have

(39.1) /M(divw)u ~0.

PROOF. See Problem 1. O
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Thus, for any compactly supported C? function f on a Riemannnian manifold
(M, g), combining (39.1) with (38.4) and (38.6), we obtain the integral formulae

(39.2) / Afdg =0, ii) fAfdg = —/ IVf|?dg .
M M
The following consequence of the divergence theorem is known as Bochner’s Lemma;:

COROLLARY 39.2. A C? function f on a compact connected Riemannian man-
ifold, such that Af >0, is necessarily constant.

PROOF. See Problem 2. O

A further consequence is Bochner’s integral formula

(39.3) / Ric(w,w)dg = / (divw)? dg 7/ Trace (Vw)? dg,
M M M

valid whenever w is a compactly supported C? vector field on a Riemannian man-
ifold (M, g). See Problem 3.

Problems

1. Prove the divergence theorem. (Hint below.)

2. Prove Bochner’s Lemma. (Hint below.)

3. Establish Bochner’s integral formula. (Hint below.)

4. Given a Riemannnian manifold (M, g), a real vector bundle n over M, and
a connection V in 7, show that, for arbitrary C* sections ¢ of n and @ of
Hom (n, TM),

(39.4) /M Trace (PVy)dg = /M((S@)w dg .

Hint. In Problem 1, use Corollary 36.3, noting that (39.1) is obvious when the
support of w is small: the left-hand side of (39.1) equals the Euclidean integral of
the right-hand side of (38.1), in which each of the n summands clearly vanishes.
Hint. In Problem 2, (39.2.i) gives fM Afdg = 0. Since Af is nonnegative, it
must thus vanish identically, and so f is constant by (39.2.ii).

Hint. In Problem 3, use Problem 3 in §38.

40. Theorems of Bochner and Lichnérowicz

Topics: Killing fields and harmonic 1-forms on Riemannian manifolds; Bochner’s theorem; eigen-

values and eigenfunctions of the Laplacian; the theorem of Lichnérowicz.

By a Killing field on a pseudo-Riemannian manifold (M, g) we mean any C*°
vector field w on M such that the vector-bundle morphism Vw : TM — TM is
skew-adjoint at every point of M.

On the other hand, a harmonic 1-form on a compact Riemannian manifold
(M, g) is defined to be any C° section £ of T*!M such that, for the vector field
w corresponding to ¢ under the index-raising operation (§29), Vw is self-adjoint
at every point and divw = 0 everywhere in M.

Both Killing fields and harmonic forms are of fundamental importance in Rie-
mannian geometry, and will be discussed in more detail later. (See §86 in Appendix
D and §69 in Chapter 13.) Here we will establish just one result about them, due
to Bochner [Bo]:
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THEOREM 40.1. Let (M,g) be a compact Riemannian manifold with the Ricci
curvature function Ric:T'M — R.

a. If Ric >0, then (M,g) admits no nontrivial harmonic 1-form.
b. If Ric > 0, then every harmonic 1-form on (M,g) is parallel.
c. If Ric <0, then (M,g) admits no nontrivial Killing field.

d. If Ric <0, then every Killing field on (M, g) is parallel.

PrOOF. This is immediate from (39.3), as in either case the right-hand side of
(39.3) has a specific sign, while Trace (Vw)? equals +|Vw|?. (Note that divw =0
for any Killing field w.) O

From now on we will use the symbols (, ) and || || for the L? inner product, and
the L? norm corresponding to it, for functions f,¢ : M — R, vector fields v, w
on M, and twice-covariant tensor fields a,b on a Riemannian manifold (M, g), all
of which are assumed continuous and compactly supported. Specifically,

(101)  (fr¢) = /Mfsodsn (0, w) = /Mgw,w)dg, (a,b) = /M<a,b>dg,

while [|f|? = (f, f) (and similarly in other cases), (,) being the pointwise inner
product with (a,b) = ¢g'Pg*a;rb,, (see §28).

For instance, given a compactly supported C? function f on a Riemannian
manifold (M, g), we have

(40.2) a) (f,Af) = —|IVfI% D) /M Ric(Vf,Vf)dg = |AfI* = [Vdf]?

as one sees using (39.2.ii) and, respectively, Bochner’s integral formula (39.3) with
w = Vf (so that Trace (Vw)? = |Vdf|?).

Let (M,g) now be a compact Riemannian manifold. As usual, A denotes its
Laplacian. We call a real number A an eigenvalue of —A if Af = —\f for some
C? function f: M — R which is not identically zero. Any such f is said to be an
eigenfunction of —A for the eigenvalue A (or, simply an eigenfunction of —A, if
A is not specified). By the eigenspace of —A for the eigenvalue A\ we mean the
vector space of all C? functions f: M — R with Af = —\f.

LEMMA 40.2. For any compact connected Riemannian manifold (M,g),

a. 0 is an eigenvalue of —A and the corresponding eigenspace consists of
constant functions;
b. all nonzero eigenvalues of —/A are positive.

PROOF. See Problem 1. O

The next result is due to Lichnérowicz.

THEOREM 40.3. Let a compact n-dimensional Riemannian manifold (M, g)
satisfy the following lower bound on the Ricci curvature:

(40.3) Ric > (n—-1)§ >0
with a constant §, and let \ be a nonzero eigenvalue of —A. Then

(40.4) A > nd.
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PROOF. Let f: M — R be a C? function. As (g,g) = n (see Problem 2 in
§29), the Schwarz inequality (Af)? = (g, Vdf)? < n|Vdf|? shows that sum of the
integrands on the right-hand side of (40.2.b) does not exceed (n — 1)(Af)?/n.
Therefore, né||Vf||> < n(n — 1)7! [, Ric(Vf,Vf)dg < |[Af]|* due to the as-

sumption (40.3). If we now choose f with Af = —Af and A|f|| > 0 (cf.
Lemma 40.2(b)), formula (40.2.a) will give A||f||? = —(f,Af) = ||[Vf|% and so
2 = n8[VFIP < [AFI? = A2 FI2. As Allf >0, this yields (10.4). O
Problems

1. Establish Lemma 40.2. (Hint below.)

2. Under the assumptions of Theorem 40.3, suppose that (40.4) holds as an equality,
that is, nd is a (nonzero) eigenvalue of —A. Prove that every eigenfunction f
of —A for the eigenvalue A = nd then satisfies the equation nVdf = —Afg.
(Hint below.)

Hint. In Problem 1, (a) is obvious from Bochner’s Lemma (Corollary 39.2), while

(40.2.a) with Af = —\f and || f|| #0 gives X = ||Vf||?/|flI? > 0.

Hint. In Problem 2, consider the equality case in the Schwarz inequality.

41. Einstein metrics and Schur’s theorem

Topics: Einstein manifolds; spaces of constant curvature; flat pseudo-Riemannian manifolds;

Schur’s theorem.

A pseudo-Riemannian manifold (M, g) of any dimension n is called an Fin-
stein manifold, and its metric ¢ is said to be an Einstein metric, if its Ricci tensor
Ric is a multiple of g, that is,

(41.1) Ric = kg
for some constant . One then refers to s as the Finstein constant of (M, g).
Taking the g-trace §29 of both sides of (41.1) we obtain
1
(41.2) K= —s8, where n=dim M.
n
In particular, the scalar curvature s of any Einstein manifold is constant.

Examples of Einstein manifolds will be described in §42 (Example 42.2).

We say that a pseudo-Riemannian manifold (M, g) is a space of constant cur-
vature K, where K is a real number, if

(413) lepq = K(gjp(;? — glpég),
R being the curvature tensor of (M, g), that is, if
(41.4) R(u,v)w = Klg(u,w)v — g(v,w)u]

for all points * € M and all vectors u,v,w € T, M. On the other hand, one calls
(M,g) a flat pseudo-Riemannian manifold if R = 0 identically. In dimensions
n > 2, flatness amounts to being a space of constant curvature 0. On the other
hand, every pseudo-Riemannian manifold of dimension n = 1 is necessarily flat
(831), and relation (41.3) then holds for any given choice of K, since both sides
then equal zero; this is why we declare that, by definition, K =0 when n = 1.

Lowering an index, we can equivalently rewrite (41.3) in terms of the g-modified
curvature tensor:

(41.5) Rjipg = K(gjp91q — 9p94q)) -
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Contracting (41.3) in [ = ¢, we obtain R;, = (n—1)Kg,p, where n = dim M. Thus,
a space of constant curvature K is also an Einstein manifold with the Einstein
constant k= (n — 1)K.

According to Proposition 31.1, equality (41.3) is always satisfied in dimension
2, except that K then stands for the Gaussian curvature function and need not
be a constant. On the other hand, the following result, known as Schur’s theorem,
states that in dimensions n > 2 the constancy assumption about & in (41.1) (or
K in (41.3)) is redundant:

THEOREM 41.1. Let a connected pseudo-Riemannian manifold (M,q) of di-
mension n # 2 satisfy (41.1) with some function k: M — R. Then k is constant,
that is, (M, g) is an Einstein manifold.

PRrOOF. Formula (41.1) implies (41.2) and so nRé? = sdf. Hence nR;?’l = s7l(5§“
and an)k = s ;. However, by (38.13), 2]%;?7,C = s ;. Hence (n—2)s; =0, so that
s and s are constant. L]

COROLLARY 41.2. If a connected pseudo-Riemannian manifold (M,g) with
dim M # 2 satisfies (41.3) with a function K : M — R, then K s constant, that
is, (M,g) is a space of constant curvature.

Problems

1. Verify that if a connected Einstein manifold (M,g) admits a local C* vector
field w which is parallel (Problem 3 in §20), then either w = 0 identically, or
Ric =0 everywhere. (Hint below.)

2. Show that the Riemannian product of two Einstein manifolds with the same
Einstein constant (or, or two flat pseudo-Riemannian manifolds), is also an Ein-
stein manifold with the same Einstein constant (or, respectively, is also flat).
(Hint below.)

3. Can the Riemannian product of two spaces of constant curvature, which are not
both flat, ever be a space of of constant curvature? (Hint below.)

4. Verify that a Riemannian manifold (M, g) is an Einstein manifold if and only
if its Ricci-curvature function Ric: T'M — R is constant.

5. Let (M,g) be a connected pseudo-Riemannian manifold, and let f: M — R
be a C? function such that Vdf = Cfg, that is, f;x = Cfgjx for some constant
C.

(a) Verify that the function ¢ = g’*f;f, — Cf? is constant.

(b) If, moreover, (M,g) is a space of constant curvature K and f is not
constant, then C = —K.

(Hint below.)

Hint. In Problem 1, use (24.12).

Hint. In Problem 2, use Problem 5 of §30.

Hint. In Problem 3, no: if it were, it would be non-flat (as so is at least one factor
metric, cf. Problem 5 in §30), while, in coordinates z7,y® chosen as in Problem 5
of §30, we have Rjqjo = 0 # gjihaa-

Hint. In Problem 5, to obtain (a), differentiate ¢. As for (b), we can use the
Ricci-Weitzenbock identity

(41.6) &k — &jax = —Rrii°Es
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for local cotangent vector fields ¢ of class C?, easily derived from (24.10) by low-
ering an index. We apply (41.6) to { = df, then use the relation f;; = Cfg;, and
(41.5), followed by a suitable contraction.

42. Spheres and hyperbolic spaces

Topics: Geodesics of standard spheres and hyperbolic spaces; the second order equation satisfied
by linear functions restricted to them; constancy of their curvatures; the eigenspace of the minus-

Laplacian of a sphere for the lowest positive eigenvalue; examples of Einstein manifolds.

Let V be a real vector space of dimension n + 1, where 1 < n < co, endowed
with a fixed a nondegenerate symmetric bilinear form (,) of the sign pattern
+ + ... +, so that (,) is Euclidean or Lorentzian, depending on whether the sign
+ is + or —. Asin §28, let us consider the Riemannian manifold (M, g) defined
to be the sphere or hyperbolic space of a fixed radius a > 0 in V, so that M =
{r eV :(z,z) =1} (if £ =+4), or M is one of the two connected components of
the hyperboloid {z € V : (z,2) = —1} (if £ = —). (Cf. also Problems 11 and 12
in §28.) In both cases, g is the submanifold metric: g, (v,w) = (v,v) for x € M
and v,w € T,M = x+ C V (see Problem 12 in §13).

Given z € M and v € T,M = z* with (v,v) = a? (that is, g,(v,v) = a?), let
x(t) = exp,tv be the geodesic of (M,g) with x(0) =z and #(0) = v, defined on
a maximal possible interval containing zero. That interval then is the whole real
line and, explicitly,

(42.1) (t {(COS t)x + (sint)v, if + stands for +,
. €T =

(cosht)z + (sinht)v, if + stands for — .

In fact, the image set of the curve x(¢t) defined by (42.1) is great circle or one com-
ponent of a hyperbola, obtained by intersecting M with the plane P = Span (z,v),
and so it is the fixed point set of the isometry of (M,g), obtained by restricting
to M the reflection in P, that is, the linear isomorphism V — V equal to Id on
P and to —Id on P*. (Note that the reflection preserves the form (,).) Since
g(i,%) = a? is constant as a function of ¢, the conclusion that (42.1) defines a
geodesic is now immediate if one combines Problem 2 in §34 with Problem 5 in §33
and Problem 1 in §31. Using affine change of parameter (cf. Problem 5 in §22), we
can easily modify (42.1) so as to obtain a formula for every geodesic in (M, g). In
particular, (M, g) is complete. (For the sphere, this is also clear from compactness,
cf. Theorem 33.3.)

Let f: M — R now denote the restriction to our manifold M of a linear
(homogeneous) function V' — R. As a function on the Riemannian manifold
(M, g), any such f satisfies the equation

(42.2) Vdf = —K fg, thatis, fj = —Kfg,

for the constant K = +1/a% In fact, since (42.1) defines a geodesic of (M, g),
formula (24.15) gives equality in (42.2) when both sides are applied to a pair (v,v),
with v € T, M, for any = € M, such that g(v,v) = a® Now (42.2) follows from
bilinearity and symmetry of Vdf (see Problem 2 in §24). “Multiplying” (42.2) by
¢?" we now obtain

(42.3) Af = —nKf.

Thus, every nonzero linear function V — R, restricted to M, is an eigenfunction
of —A for the eigenvalue A = nk.
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If n > 2, formula (42.2) also implies that (M, g) is a space of constant curvature
K = +1/a? In fact, differentiating (42.2) and then applying the Ricci-Weitzenbock
identity (41.6) to & = df, we obtain the equality in (41.3): both sides agree when
“multiplied” by f,, while every cotagent vector at any point x € M equals the
value at x of df, for some linear function f.

In the case of the sphere, we also have the following theorem about eigenvalues
and eigenfunctions of —A.

THEOREM 42.1. Let (M,g) be the n-dimensional standard sphere of radius
a > 0 around 0 in a Fuclidean space V. Then the lowest nonzero eigenvalue
of —A for (M,g) is A\ = nK, for K = 1/a?, and the corresponding eigenspace
consists precisely of all linear homogeneous functions V. — R, restricted to M.

PROOF. See Problem 3. O

EXAMPLE 42.2. The results of this and the previous section lead to the following
examples of Einstein manifolds.

a. Spaces of nonzero constant curvature K, including standard spheres ( K >
0), hyperbolic spaces (K < 0), and flat manifolds (K = 0). Spheres are
compact, hyperbolic spaces are noncompact but complete.

b. Flat manifolds, that is, spaces of constant curvature 0. Among them, pseu-
do-Euclidean (and Euclidean) spaces are noncompact but geodesically com-
plete (cf. Problem 2 in §30). Since 1-dimensional pseudo-Riemannian man-
ifolds are flat (§41) and flatness is preserved by the Riemannian-product
operation (Problem 2 in §41), examples of compact flat manifolds, in all
dimensions, are provided by tori with product metrics.

c. Combining (a) with Problem 2 in §41, we obtain examples of Einstein man-
ifolds in every dimension n > 4 which are not spaces of constant curvature.
On the other hand, no such examples exist in dimensions n < 3 (see Prob-
lem 4).

Problems

1. Explain why formula (42.2) fails to imply that (M, g) is a space of constant
curvature K = +1/a? when n = 1.

2. Show that, for the n-dimensional sphere (M,g) of radius a > 0 centered at

0 in a Euclidean space V, the C? functions f: M — R satisfying (42.2) are

precisely the restrictions to M of linear homogeneous functions on V. (Hint

below.)

Prove Theorem 42.1. (Hint below.)

Prove that every Einstein manifold (M,g) of dimension n < 3 is a space of

constant curvature. (Hint below.)

5. For (M,g) as in Problem 2, show that the distance function is given by

o w

d(z,y) = aarccos[(x,y)/a?],

where arccos : [—1,1] — [0,n] is the inverse of cos : [0,7] — [—1,1]. (Hint
below.)
6. Verify that the distance function of a radius a hyperbolic space of any dimension
n, is given by
d(z,y) = acosh™'[|(z,y)|/a?],
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cosh™ : [1,00) — [0,00) being the inverse function of cosh : [0,00) — [1,00).
(Hint below.)

7. Show that arccos(x,z) < arccos(z,y) + arccos(y, z) for unit vectors z,y, z in
a real vector space with a positive-definite inner product (,). (Hint below.)

Hint. In Problem 2, note that both spaces are of the dimension n 4+ 1. (With the
obvious inclusion between them, this will prove their equality.) That dim W = n+1
for the space W of all solutions f to (42.2) can be seen by fixing a point € M and
considering the operator W — R x T M given by f +— (f(x),df;). Its injectivity
follows from uniqueness of solutions for second-order ordinary differential equations,
applied to f(xz(t)), with x(¢) as in (42.1) (and the equation provided by (24.15)).
Hint. In Problem 3, use Problem 2 above and Problem 2 in §40.

Hint. In Problem 4, the cases n =1 and n = 2 are settled by the discussion in
§41 and Proposition 31.1. If n =3, fix x € M and a coordinate system at = such
that, at z, the the coordinate vector fields form a g-orthonormal basis of T, M.
Then directly verify the equality (41.5) with K = k/2 (where x is the Einstein
constant of (M, g)).

Hint. In Problem 5 and Problem 6, use (42.1) and the Hopf-Rinow theorem.
Hint. In Problem 7, use Problem 4 and the triangle inequality for d.

43. Sectional curvature

Topics: The sectional curvature function of a pseudo-Riemannian manifold.

Let (M,g) pseudo-Riemannian manifold of dimension n > 2. By the Grass-
mannian of nondegenerate planesin (M, g) we mean the set Gy of all pairs (z, P)
formed by a point € M and a two-dimensional vector subspace P C T, M such
that the restriction of the metric g, to P is nondegenerate. (Cf. Problem 16 in
§12.) The dependence of GoM on the metric g is, for simplicity, suppressed in
our notation, just as it was in the case of T'M in §35. Note that, however, G5 is
the same for all positive-definite metrics g on M.

Given (z,P) € G2, we let ep stand for 1 or —1, depending on whether the
restriction of (,) to P is definite or not. The sectional curvature of (M, g) is the
function K : G — R given by

(43.1) K(x,P) = epR(v,w,v,w)

for (z,P) € G2 and any basis v,w of P which is orthonormal, that is, |g(v,v)| =
lg(w,w)| =1 and g(v,w) = 0. In view of (8.18) and Problem 1, this definition is
correct, that is, independent of the choice of such a basis v, w.

Problems
1. Given a finite-dimensional real or complex vector space V' and a nondegenerate
symmetric bilinear form (,) on V, let us call a basis e, of V' orthonormal if
(easep) =0 for a# B and (eq,eq) = € = £ 1 for each a. Show that, for any
two orthonormal bases e, and e, of V, the transition matrix [A%,], defined
by eqn = A% eq, satisfies
det[AS ] =+£1.

(Hint below.)
2. Verify that, for a space of constant curvature K of dimension greater than 1,
the sectional curvature function is constant and equal to K.
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3. Explain how the sectional curvature of a pseudo-Riemannian surface may be
identified with its Gaussian curvature.

4. Let vy, ¢ = 1,...,n, be an orthonormal basis of the tangent space T, M at
a point z in an n-dimensional Riemannian manifold (M, g), and let us set
K, = K(z,P) whenever ¢,7 € {1,...,n}, ¢ # r, and P = Span (v, v,).
Show that Ric(vg,vq) = >, Kqr, with r ranging in {1,...,n}\{¢}.

5. Let (M, g) be a four-dimensional Riemannian manifold. Prove that (M, g) is an
Einstein manifold if and only if K (x, P) = K(z, P1) for every pair (z, P) € Ga,
where P+ is the orthogonal complement of P in T, M. (Hint below.)

6. By an algebraic curvature tensor in a real vector space V we mean any quadrilin-
ear function R: V xV xV xV = R with R(v,v,w,w') = — R, v,w,w') =
— R(v,v,w',w) and R(u,v,w,u') + R(v,w,u,u) + R(w,u,v,u’) = 0 for all
v, v, w,w u € V. (Thus, R has an additional symmetry: R(v,v,w,w’) =
R(w,w',v,v"), cf. Problem 7 in §30.) Prove that any algebraic curvature tensor
R in a real vector space V is uniquely determined by its biquadratic function

(43.2) VxV>3((ww) = Rv,wv,w).

(Hint below.)

Hint. In Problem 1, (va,vs) = BLBg(ep,eq) = ., €,B4Bj, i.e., & = BTDB
with © = diag(e1,...,&n).
Hint. In Problem 5, let us fix a point = € M and an orthonormal basis e; of T, M.
Setting Rji,g = R(ej,er,€p,¢q) and Ry = Ric(ej, 1), we have Rj = > Rjqiq-
Let {j,l,p,q} = {1,2,3,4}. If K(x,P) = K(x,Pt) for all planes P in T,M, it
follows from (30.7) that 0 = R(e; +e;,ep,e; +e,ep) — R(e; —er,eq,e5 — e, €q) =
Rjpip + Rjqiqg = Rji, and 0 = (Rjpjp — Rigig) + (Rjgjq — Riptp) = Rjj — Ru, so
that Ric, is a multiple of g,, and, as = was arbitrary, g is an Einstein metric
by Theorem 41.1. Conversely, let g be an Einstein metric, and, with = and e; as
above, let us fix j,p,q with {j,p,q} = {2,3,4}. Setting A; = Rij11 — Rpgpq for
1=2,3,4, wehave D,+D, = Ri1—R;; = 0 and, similarly, D;+D, = D;+D, = 0,
so that Dy = D3 = D,. Thus, for instance, K(x, P) = K(z,Pt) for the plane
P = Span (e, e2), and hence for all planes P in T,,M (since the orthonormal basis
e; was arbitrary).
Hint. In Problem 6, write abcd = R(a,b,c,d) whenever a,b,c,d € V. Since
a symmetric bilinear form is determined by its quadratic function, the function
(43.2) determines, via the quadratic function b +— abab, also the symmetric form
(b,d) — abad. This form in turn uniquely determines (for the same reason) the
form (a,c) — abed+ cbad and, consequently, also the substitution version (a,d) —
abdc + dbac. Subtracting the last two forms (treated as functions of (a,b, ¢, d)), we
see that (43.2) determines (abed + cbad) — (abdc + dbac) = (abed — abdce) + cbad —
dbac = (abed + abed) — cbda — bdea = 2abed + deba = 2abed + bade = 3abed, as
required.
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CHAPTER 8

Geometry of Submanifolds

45. Projected connections

Topics: The second fundamental forms of direct-summand subbundles of a vector bundle with
a connection; the van der Waerden-Bortolotti connection; the Gauss formula and the Codazzi

equation for projected connections.

Let V be a given connection in a real or complex C'°° vector bundle 1 over a
manifold M endowed with a fixed direct-sum decomposition

(45.1) n=n"on"

into C* subbundles n*. Note that V is not assumed to be a direct-sum connec-
tion.

Recall (Example 27.3) that V then can be projected onto connections V* in
nt with V¢ = (V)T for any x € M, v € T,M and a local C! section ¢ of
n* defined near z, where ¢ = ¢+ ¢~ is the decomposition of any ¢ € 7, relative
(45.1), while the n* components of any local section 1 of 7 are the local sections
Y* of nt given by (v*)(z) = [¢(z)]¥. We will skip the extra parentheses and
simply write ¥ (z).

The second fundamental form of the decomposition (45.1) relative to V is the
section b of the vector bundle Hom (7'M, Hom (n, 7)), defined by requiring that it
assign to any vector field v on M the morphism b(v, -) : n — n sending any C*
section ¢ of 7 to the section b(v,v) characterized by

(45.2) Vot = Vit + b(v,9).

A crucial fact about b is that it actually is a section of Hom (7'M, Hom (n,7)). In
other words, the value at any point « € M of the section b(v,%) of 7, defined by
(45.2), depends on v and ¢ only through their values at z. For v this is clear
since both V and V¥ are connections (cf. (20.6); for 1, it follows, according to
the hint for Problem 1 in §20, from the equality

(45.3) V=V+b,
which is in turn immediate from (45.2), V being the direct-sum connection
(45.4) V=vVte Vv,

in n = n" @ 7, known (in this particular context) as the van der Waerden-
Bortolotti connection. (Note that Vo = V.fyT + V4~ and V,o0 = Vot +
V, %~ + b(v,v) for local C! sections 1 of n and tangent vectors v.)

Clearly, for any = € M, v € T,M and ¢* € n=,
(45.5) b(v,6) enf,  thatis, b(T,M xnF) Cnf.

137
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Instead of b, we will often use its restriction bT : T, M x nt — nF, which we will
call the second fundamental form of the summand n* in the decomposition (45.1).
Thus, bT is a section of the vector bundle Hom (7'M, Hom (™, nT)).

The curvatures R of V and R* of V¥ are related by the Gauss-Codazzi
identity

R(v,w)y = R (v,w)y™ + R™(v,w)y™ — b(v,b(w,¥)) + b(w, b(v, 7))
+ (vwb)(v7w) - (vvb)(wﬂ/’) - b(T (U,w),’l/)),

for vyw € T,M, v € n, and v € M. Here T is the torsion tensor field
of a fixed connection in the tangent bundle TM. (Note that b is a section of
Hom (T M, Hom(n,n)), and so, to form the covariant derivative Vb, we first need
to fix a connection in TM.) In fact, since (45.6) is linear in 1, we may assume
that 1 = ¢* € 5, and then (45.6) becomes the requirement that

Rw,w)p* = R=(v,w)yp* — b= (v, b¥ (w,¢F)) + bF(w,bF (v,9%))
+ (Vub®)(0,0F) = (VubT)(w,9%) — b7 (T (v, w),9*)

for both choices of the sign +. For a proof of (45.7), see Problem 2.

Note that the operation of projecting connections onto summands of a direct-
sum decomposition treats the curvature tensor in a more complicated way than the
other operations on connections, discussed before: R* may be nonzero, even if the
original connection V is flat.

The right-hand side of each of the equalities (45.6) — (45.7) is written as the
sum of its n* component (the first line) and its nT component (the second line).
The n* and 5~ component versions of (45.7), treated as separate identities, are
known as the Gauss formula

(45.8) R*(v,w)¢™ = [R(v,w)d*™]* + b= (0,0 (w, ) = b*(w,bT (v,9%)),
and the Codazzi equation
(45.9)  [R(v,w)p™|T = (VbT)(w, ") — (VubT)(v,9F) + bT(T (v,w),9").

A case of particular interest arises when 7 carries a fixed pseudo-Riemannian
fibre metric g = (,) compatible with the original connection V, such that n*
and 1~ are mutually g-orthogonal. (Thus, either of n* is g-nondegenerate, and
coincides with the other’s g-orthogonal complement; cf. Problem 1 in §28.) It then
follows that the projected connections V* are compatible with the metrics in n*
obtained by restricting ¢. In addition,

(45.10) (0(v, ™), ¥7) + (U, b(v,97)) =0

for any x € M, v € T,M and ¥* € nf. In other words, b¥(v,-) and b~ (v,-) are
each other’s negative adjoints. Moreover, g then gives rise to the restricted metrics
in the subbundles n* (also denoted g = (,)), either of which is automatically
compatible with the corresponding projected connection. We can thus form the
g-modified versions of the curvatures of V and V* and use notations such as
R(v,w,¢,¢) = (R(v,w),d) (see §28). In view of (45.10), the Gauss formula
(45.8) now takes the form

RE(v,w, 9%, %)
= R(v,w,¥%,¢F) + (6T (0,9%),bF (w, ¢F)) — (T (v, 6%), bT (w,vF)) .

(45.6)

(45.7)

(45.11)
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Problems

1. For a C* connection V in a vector bundle n over a manifold M and a global
C* section F of the vector bundle Hom (7'M, Hom(n, 7)), show that the cur-
vature tensor fields R of V and R’ of the connection V' =V + F are related
by

R'(v,w)p = R(v,w)y + R (v,w)¢ — F(v,F(w,¥)) + F(w, F(v,7))
+ (vwF)(an) - (VUF)(W’W - F(T (U’w)ﬂﬂ%

where T is the torsion tensor field of any fixed C°° connection in the tangent
bundle of M, used to form the covariant derivative V,,F.
2. Derive (45.6) from (45.3) and (45.12). (Hint below.)
Establish (45.10).
Let n and ¢ be C real/complex vector bundles over a C* manifold M, and
let h:n— ¢ bea C° vector-bundle isomorphism. Verify that A then can be
used to transport (push-forward) any connection V in 7 onto a connection hV
in ¢, given by

(45.12)

Ll

[hv]v'l/} = hx(vv(h_lw))
for any v € M, v € T, M and a local C! section v of ¢ defined near x, where
h~1is the inverse of h. (One often says that hV is obtained from V by a gauge
transformation.) Prove that the curvature tensor hR of hV can be expressed
in terms of the curvature tensor R of V as

(45.13) [hR]x(v,w)p = hy[Ry(v,w)(hy dy)]

for x e M, v,w €T, M and ¢ € ;. (Hint below.)

5. For 7, ¢, h asin Problem 33.1 and a pseudo-Riemannian/Hermitian fibre metric
g = (,) in 7, define the push-forward hg of g under h so that it is a fibre
metric in (, and show that if g and a connection V in 7 are compatible, then
so are hg and hV. (Hint below.)

6. Verify that any C°° diffeomorphism F : M — N between C°° manifolds M
and N can be used to transport (push-forward) any connection V in TM onto
a connection (dF)V in TN with

(45.14) [(AF)Vas, o[(dF)w] = dFy(V,w)

for any x € M, v € T,M and a local C' tangent vector field w in M defined
near x, where (dF)w is the push-forward of w under the diffeomorphism F,
defined as in (6.9). Show that the curvature and torsion tensors (dF)R and
(dF)T of (dF)V satisty the condition

(45.15) [(dF)R]p(z)(dFpv, dFyw)dFpu = dFy (R (v, w)u),

(45.16) [(dF)T]p(a) (dFpv, dFw)dFpu = dFy (T (v, w)u)

for x € M and v,w,u € T, M, where R and T are the curvature and torsion
tensors of V. (Hint below.)

7. Given a C*° diffeomorphism F : M — N between C°° manifolds M and
N and a pseudo-Riemannian metric ¢ on M, verify that the push-forward
(dF)g = (F~Y)*g of g under F is a pseudo-Riemannian metric on N whose
Levi-Civita connection and curvature tensor are and (dF)V and (dF)R (no-
tation of Problem 6), where V and R are the analogous objects for g. (Hint
below.)



140 8. GEOMETRY OF SUBMANIFOLDS

8. Let FF: M — M’ be an isometry between the pseudo-Riemannian manifolds
(M,g) and (M’',g'). Verify that (dF)g = ¢, (dF)V =V’ and (dF)R = R/,
where V, R, V' and R’ are the Levi-Civita connection and curvature tensor
of (M,g) and (M’,g’), respectively (notation of Problem 6).

Hint. In Problem 2, extend ), v,w to local C* sections of n* and T'M defined
near z. Then use (20.8) and (24.2).

Hint. In Problems 4 — 7, use local trivializations e, in  and Fe, in (, or local
coordinates y7 in N and F7in M (to make h or F appear as Id), and note that
the components of V and g then coincide, as functions of the coordinates, with
those of their push-forwards. Then apply (20.10), (23.2) and (30.3).

46. The second fundamental form

Topics: The second fundamental form of an immersion into a Riemannian manifold; the Gauss

and Codazzi equations for immersions; totally geodesic and totally umbilical immersions.

Let F: M — N be a C* immersion of a manifold M in a Riemannian
manifold (N, k). We use the symbols 7 and g = F*h for the tangent bundle TM
and the pullback metric on M, identifying 7, as in (19.1), with a subbundle of the
pullback bundle F*(T'N) over M. The normal bundle v of F is defined to be the
orthogonal complement of 7 in F*(T'N) relative to the pullback fibre metric ().
Note that v is naturally isomorphic to the normal bundle defined, in the absence
of a metric, by (19.2).

The pullback fibre metric F*(T'N) is naturally induced by h, as the fibre of
F*(I'N) over x € M is, by definition, Tr(,) N (see §17). We denote it by (,)
rather than F*h since the latter symbol is already used in a different meaning (the
pullback metric on M).

We thus have a situation of the type described at the beginning of §45: the real
vector bundle F*(TN) over M is endowed both with a direct-sum decomposition,
namely, F*(TN) = 7 @ v, and with the connection F*D obtained by pulling back
from TN the Levi-Civita connection of h (which we denote by D to distinguish it
from Levi-Civita connection V of g). For the connections in 7 and v obtained by
projecting F*D we now use the symbols V& and V™™ rather than V¥, and we
refer to them as the tangent and normal connections of the immersion F. Simlarly,
we denote by '8 and "™ the components of any local section of F*(TN), or
an element of a fibre of F*(TN), relative to the decomposition F*(TN) =71 ® v.

LEMMA 46.1. Let F: M — N be a C* immersion of a manifold M in a
Riemannian manifold (N, h), and let g = F*h be the pullback metric on M. The
tangent connection V' in 7 = TM then coincides with the Levi-Civita connection

V of g.

in preparation

in preparation
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47. Hypersurfaces in Euclidean spaces

Topics: The second fundamental tensor of a codimension-one immersion; Euclidean versions of
the Gauss and Codazzi equations; local classification of totally geodesic and totally umbilical

submanifolds of Euclidean spaces.

in preparation

in preparation

48. Bonnet’s theorem

Topics: Reconstructing the ambient connection from immersion data; Bonnet’s theorem.

in preparation

in preparation
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CHAPTER 9

Differential Forms

49. Tensor products

Topics: Tensor products, symmetric and exterior powers of vector spaces; symmetric powers

and polynomial functions.

Given an integer £ > 1 and real or complex vector spaces Vi,...,V} and
W, let the symbol L(Vi,...,Vi; W) denote the vector space of all k-linear map-
pings B : Vi x ... x V, — W (with the valuewise operations). In the case
where the spaces Vi,...,V, all coincide, ie., Vi = ... = Vi, = V, we denote
by L_.(V,....,V;W) and L, (V,...,V;W) the subspaces of L(V,...,V;W)
(where V...,V stands for V repeated k times) consisting of all k-linear map-
pings V x ... x V. — W which are symmetric or, respectively, skew-symmet-

ric (for more details, see Problem 1). Natural surjective linear operators &, 2
of L(V,...,V;W) onto L, (V,...,V;W) and L, _ (V,...,V;W), known as the

symmetrization and skew-symmetrization projections then can be defined by

1
(63)(1}1,... avk) = EZB(WT(1)7"'7’UT(]€))7

(49.1) 1
(AB)(v1,...,v5) = = Z sgn(7)B(vr (1), - -+ Ur(k)) 5
where 7 runs through all permutations of {1,...,k}. See also Problem 2.
When Vi,...,V, as above are all finite-dimensional and W is the scalar field

K =R or K = C, one defines the tensor product of Vi,..., Vi to be the vector
space

(49.2) ie...eVy,=L(VS,..., V5 K).

The tensor multiplication is the natural k-linear mapping

(49.3) X xVed (g, ) m01®...Qu €V ®...Q Vg,

with (v1®...®@vg) (€L, ..., €F) = L (vy) ... &% (vg). If, moreover, Vi = ... =V, =V,

the tensor product V...V = L(V*,...,V*K) of k copies of V is referred
to as the kth tensor power of V and denoted by V®*. The kth symmetric power
VOF of V and the kth exterior power V¥ of V then are defined to be the vector
subspaces of V®* given by

VO =L (V*,...,V5K), VAN =L (V. VK.
It is also convenient to extend these definitions to all integers k by setting
(49.4) VO =y =y K Y= YO A 10} for k<O,

The projections

v ( e (

S VO VOk, A VEF 5y
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given by (49.1) thus give rise to the k-linear mappings V x ... x V — VOk,
Vx...xV = VM of symmetric and exterior multiplication, assigning the values

(49.5) M ©O...0=6(1n8&...0v), VA A=AV Q... Qug).

to (v1,...,vk). These multiplications can be expressed in terms of familiar op-
erations: valuewise multiplication of linear functions and the determinant of an
k x k matrix viewed as a “multiplication” of its row or column vectors; see Propo-
sition 49.1 and Problem 5.

Let V be a finite-dimensional real or complex vector space. A function f on
V' valued in the scalar field K (R or C) is called a monomial of degree k > 0 if it
can be written as a valuewise product &'...¢&F of linear functions £...,&% € V*.
(When k = 0, this means that f is constant.) We call f:V — K a polynomial
if f is a sum of monomials, and say that a polynomial f on V is homogeneous
of degree k > 0 if it can be written as a sum of monomials all of which are of
degree k. (Thus, the zero function is a homogeneous polynomial, and a monomial,
of all degrees.) Denoting by Px(V') the vector space of all degree k homogeneous
polynomials on V, and letting P(V') be the algebra of all polynomials on V' (with
the valuewise multiplication of functions), we now have

Po(V)=K, P(V)=V", PV)=PP(V,)
k>0
sothat every polynomial can be uniquely expressed as a sum of homogeneous poly-
nomials (see Problem 7). As before, we set Pr(V) = {0} if k <O.
Given a homogeneous polynomial f € Pr(V) on a finite-dimensional real or
complex vector space V and a vector v € V, we have d,f € Pr_1(V), as one
easily sees by considering monomials. Therefore, we may define a liinear operator

U PL(V) — (VH)OF = L,.V,...,V;K) by
1
(49.6) (Tf)(vr,...,v) = Hdvl"'dka € Py(V)=K.
On the other hand, formula
(49.7) (®B)(z) = B(x,...,x)

defines a linear operator ® : (V*)®% = L_ (V,...,V;K) — Px(V) since, for any
fixed basis e; of V, ®B is a sum of degree & monomials:

(49.8) ®B = B(ej,,...,ej,) e’ . elr.

PROPOSITION 49.1. For any finite-dimensional real or complex vector space V
and any integer k > 0, the operator ® : (V)% =L _ (V,...,V;K) = Pi(V) de-
fined by (49.7) is a linear isomorphism and its inverse W = ®~1 is given by (49.6).
Furthermore, the symmetric multiplication (49.5) of linear functions &% ... ¢F €
V* corresponds under ® to their valuewise multiplication, that is,

(49.9) delo...oh) =¢.. .

PRrROOF. Relation (49.9) is immediate from formula (49.10) below. Thus, ®
is surjective, since Pg(V) is spanned by monomials. On the other hand, using
(49.8) with d,& = &(v) for v € V and & € V* we obtain (k —s)!dy,...d,, (PB) =
E'®[B(v1,...,0s, ...,)] (induction on s < k), where B(vy,...,vs, +...,) is the
element of (V*)®%=s = L (V,...,V;K) obtained from B € (V*)®* by fixing
the first s arguments. Setting s = k, we thus have U(®B) = B. Therefore @ is
also injective and &' = ¥, which completes the proof. O
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Problems
1. A k-linear mapping B : V x ... x V. — W of real or complex vector spaces
V and W is called symmetric (or, skew-symmetric) if B(vi,...,v;) remains

unchanged (or, respectively, changes the sign) whenever two of the arguments
v1,...,0; € V are interchanged. Verify that

(a) The phrase ‘two of the arguments vy,...,v; € V’ can be replaced by ‘two
neighboring arguments among vy,...,v; € V.
(b) B is symmetric (or, skew-symmetric) if and only if, for all vy,...,v; €

V' and all permutations 7 of {1,...,k}, one has B(v.1y,..., V) =
B(vy,...,vg) (or, respectively, B(vr(1),--.,vrx)) = sgn(7) B(vy,...,vg)).

(¢) B is skew-symmetric if and only if B(vy,...,vr) =0 whenever two neigh-
boring arguments among v1,...,vx € V coincide.

2. Let V be a real or complex vector space. A linear operator S : V. — V is
called a projection if S? = S. Verify that, for a linear operator S :V — V, the
following three conditions are equivalent:

(a) S is a projection.

(b) V admits a direct-sum decomposition V' =V, & V; such that S =0 on
Voand S =1d on Vj.

(¢) The restriction of S to the image subspace S(V) coincides with the identity
transformation.

3. A linear operator S :V — V in a real or complex vector space V is called an
involution if S? = Id. Verify that a linear operator S :V — V is an involution
if and only if V' admits a direct-sum decomposition V = V, & V_ such that
S = #£Id on VL. Show that, for an involution S : V — V, the summands
V4 are given by Vi = Ker (S F Id), and that the direct-sum projections V =
Vi @ V_ — V4 coincide with (S + Id).

4. Show that, for any finite-dimensional real or complex vector space V one has
V82 = V02 ¢ V2 with &, 2 playing the roles of the direct-sum projections.
Verify that the corresponding decomposition of v @ w for v,w eV is vRw =
vOw+vAw. Give an explicit description of GB, AB for any B € V®? (that
is, a bilinear function B :V x V — K).

5. Verify that, given a finite-dimensional real or complex vector space V and any
VO...0u €V, ..., € V* we have

(49.10) (V1 O...0u)(E,. .. 5 = % > W) . B (),

(00 A(E ) = D () €D ) €W ) = o det[67(ws)],

where 7 runs through all permutations of {1,...,k}.

6. Let V be a real or complex vector space. Show that, given a linear operator
S :V — V and vectors vy,...,vx € V such that v1 + ... + v, = 0 and
Sv1 = Ay, ..., Svp = A\pvp with pairwise distinct scalars Aq, ..., Ay, we must
have v; = ... = v = 0; in other words, nonzero eigenvectors of .S corresponding
to mutually distinct eigenvalues are always linearly independent. (Hint below.)

7. Let V' be a finite-dimensional real or complex vector space. Verify that every
polynomial on V' can be uniquely expressed as a sum of homogeneous polyno-
mials. (Hint below.)
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8. (See also Problem 1(c) in §88, Appendix D.) Let V be a finite-dimensional real
vector space and let a function f:V — R be C*-differentiable and positively
homogeneous of degree k for some integer k > 0. Show that f € Py(V).

Hint. In Problem 6, set T, = 57 ... TS*Z ... Sk, where ~ means ‘delete’ and S, =
S —Aq-Id. Then 0=T,(v1 + ...+ vk) = CaVo With ¢, = H/#a()\a —Ag) #0, as
the S, all commute and S,v, =0 while Sgv, = (Ao — A\g)v, for a # B.
Another argument: Let s be the number of nonzero vectors among the vy,
and let n = dimW with W = Span (vy,...,vx). Thus, n < s. However, since S
has at least s distinct eigenvalues in W, and n is the degree of its characteristic
polynomial in W, we obtain s < n, so that s =n and those s nonzero vectors are
linearly independent as they span an s-dimensional space, which contradicts our
assumption unless s = 0.
Hint. In Problem 7, apply Problem 6 to S = d1q in the space of all C*° functions
V — K. Cf. Problem 11 in §6 and Problem 2(a) in §88, Appendix D.

50. Exterior and symmetric powers

Topics: Natural bases in tensor products, exterior powers, and symmetric powers of vector
spaces; the universal factorization properties; the tensor, symmetric and exterior (graded) algebras
of a vector space.

Suppose that we are given finite-dimensional real or complex vector spaces
Vi,..., Vi, k> 1, and bases e, for Vi, ..., eq, for Vi.

A basis of the tensor product space Vi ® ... ® Vi then is provided by the
collection of all tensor products

(50.1) oy ® ... ® €qy

where each index a;, s = 1,...,k, varies independently in {1,...,dimV;} (nota-
tions of (49.2), (49.3)). Therefore

dim(Vi ®...®@ Vi) =dimV;...dimVj,.

To see that the products (50.1) form a basis (and are mutually distinct), note that,
treating them as k-linear functions, we have

(Cay @ ... @ eq, )€, ... ) :651...56’“

ayg
each e* denoting, as usual (see Example 5.1) the basis of V* dual to the e,_.
Hence the equality B = A*1 ¢, @ ...Q €4, implies A2 = B(e®, ..., e*),
and so the products (50.1) are linearly independent (the case B = 0) and, for any
BeVi®...® Vs, we have the expansion

(50.2) B=DB""%¢, ®...Q eq,
with
(50.3) B = B(e™, ...

~—

,€7%)
(as both sides of (50.2) coincide on each (... ex)).
Let us now assume, in addition, that V; = ... =V, =V and a single basis e,

is chosen in V. The families

(50.4) €a; ©...0 eqy 1< <...<aqp<dimV

and

(50.5) €ay N A eqy 1< <...<ap <dimV
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then consists of mutually distinct elements, forming a basis of the kth symmetric
power VOF of V and the kth exterior power V¥ of V| respectively. (Unlike the
previous case, the indices a, . .., o now all vary in the same range {1,...,dimV}.)
In fact, from (49.5) and (50.2) we obtain the expansions

B =B*"%¢,, ©...0 eq,
with (50.3) for each B € VOF and
B =B AL A eq,

with (50.3) for each B € V/*. Although the summations are over the unrestricted
range of all k-tuples (a1, ...,ax), they clearly represent combinations of (50.4) or
(50.5) in view of the (skew)symmetry of the multiplications involved. Finally, the
products (50.4) or (50.5) are linearly independent (and pairwise distinct) since, by
(49.5) and (49.1),

(Cay N eva A eay )€, . ef) =00 o
whenever 1 < a1 <...<ap <dimV and 1< B <...< B <dimV, while
(Cay @ ... O eq )1, .. eP) :Cégi 55’;

whenever 1 < oy <...<qap <dmV and 1 < g <...< B <dimV, where C is
a positive integer depending on the indices involved.

Consequently,
50.6 dim Ve = (" if  0<k<n=dmV,
k
(see also (49.4), while
(50.7) VAR = {0} for  k>dimV.

The last relation is clear since the set (50.5) is empty when & > dim M, but also
follows directly as B(ef,...,efr) = 0 if B is skew-symmetric and k > dim M,
since two or more of the arguments e®s then must coincide. About the dimension
of VO see Problem 8.

Tensor products and symmetric/exterior powers of finite-dimensional real or
complex vector spaces Vi,..., Vi (or V) have the following universal factorization
properties. Given any vector space W and a k-linear mapping ¢ : V3 X... xVp, = W
or a k-linear symmetric/skew-symmetric mapping ¢ : V x...xV — W, there exists
a unique linear operator F: V1 ®...®@Vy — W, or F: VO* — W or, respectively,
F: VM — W, such that, for all v; € Vi, ..., vp € Vi (or vy,...,vp € V),

Floy®...Qu), or
o, ..., o) =4 F(v10...0v), or
Fuoy Ao Awg), whichever applies.

In fact, such F' can be defined (uniquely!) on basis elements of the form (50.1),
(50.4) or (50.5), which then easily implies the required property for all vy, ..., vg.

In other words, to define linear operators from tensor-product or symmetric/ex-
terior-power spaces it suffices to prescribe their values on product elements, and
such a definition is automatically correct as long as the dependence of the value on
the factors is k-linear, or k-linear and (skew)symmetric, respectively.
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Let Vi,...,Viy and V', with integers k,l > 1, be arbitrary finite-dimensional
real or complex vector spaces. There exist unique bilinear mappings

(50.8) M. Vi) X (Veg1 ® ... Q Viy) g)_> Vi®...® Vi
and
(50.9) VO 5 vo! o VoD | == YA+

known as the tensor, symmetric and exterior multiplications, and characterized by

(50.10) (’Ul e ’Uk)(’l)k+1 SN 'Uk+l) = U1 ...Uk4]

where, for simplicity, we use ordinary multiplicative notation (without a dot), omit-
ting the symbols ®, ® or A. See Problem 1. These multiplications can also be de-
fined directly, without invoking the universal factorization properties (Problems 2
and 3).
For Vi,...,V} as before, any permutation 7 of {1, ..., k} gives rise to a unique
isomorphism
VMi®...V _>V7—(1)®~-~®Vr(k)

sending each v1 @ ... ® vk 10 V(1) @ ... @ Vr(p)-
For any finite-dimensional real or complex vector space V, there is a unique
isomorphism K® V — V with

(50.11) A®v = v

for A € K and v € V (K being the scalar field). In fact, since (A, v) — Av is
bilinear, a linear operator with (50.11) exists and is unique in view of the universal
factorization property for ®, and its inverse is given by v — 1 ® v.

The multiplications (50.8), (50.9) are associative (Problem 4) and so they turn
each of the direct sums

V® — V®k, V@ _ VQk, VA = V/\k
i < i

into an associative algebra with the unit 1 (which belongs to the Oth summand, cf.
(49.4)), called the tensor, symmetric and exterior algebras of V. See also Problem 6.

Problems

1. Given finite-dimensional real or complex vector spaces Vi, ..., Vi, and V, prove
the existence and uniqueness of the bilinear mappings (50.8), (50.9) with (50.10).
(Hint bolow.)

2. Show that (50.8) can be explicitly defined by

(50.12) (B B')(e', ..., - = B(e, ... eF)B/ (ML, ... bt

for BeEVi®..0Vg, BeViy1®...0 Vgand & eV s=1,...,k+1.
3. Prove that
BoB =68(B®DB), BAB =A(B®DB)

for all B € VOF and B’ € VO or, respectively, B € V¥ and B’ € V . (Hint
below.)
4. Verify associativity of the multiplications (50.8), (50.9).
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5. Given linear operators Fy : Vi — W1, ..., Fj : Vi — W}, show that there is a
unique linear operator F1®...®@ F, : V1 ®...0 V), - W1 ®...® W (called the
tensor product of Fy, ..., Fy) with

(FA®..F)(n®..0u)=(Flv1)®...Q (Fiuk)

forall vy € Vg, s=1,...,k.

6. Verify that

dim V" = 2"

whenever V' is a real or complex vector space with dimV = n < co. (Hint
bclow.)

7. Given integers n > 1 and k > 0, let II,, , be the set of all ordered n-tuples
(a1,...,ay) of integers a; > 0 with Z?Zl a; = k. Prove that II,, ; has ("+Z_1)
elements. (Hint below.)

8. Given a finite-dimensional real or complex vector space V, show that, for integers
k>0,

(50.13) dim Py (V) = (” +Z N 1) , n=dimV
with Pk (V) defined in §49. (Hint below.)
9. Verify that

i n=dimV

for any finite-dimensional real or complex vector space V and any integer k£ > 0.
(Hint below.)

10. Show that, when the isomorphism of Problem 5 in §28 is regarded as an isomor-
phism V*®V — V* ® V* it coincides with the tensor product (Problem 5) of
the operators Id : V* - V*and Vv (-,v) € V™

Hint. In Problem 1, fix vy, ..., v, and define (v ...vg)B’ for B’ in the appropriate
product/power space of the last ! factors, combining (50.10) with the universal
factorization property, and note that the result is (k + 1)-linear in vq,...,vg, B'.
Then use the same device to define BB’ for B in the product/power of the first k
factors.

Hint. In Problem 3, combine (50.12) with (49.1).

Hint. In Problem 6, use (50.6) and (50.7).

dim VOF = <n+k—1>

Hint. In Problem 7, use induction on n along with the formula ("Zk) =3 (n+§71)’
s=0

obtained from (”Zk) = (”Zf;l) + ("H,j*l) by induction on k.

Hint. In Problem 8, note that, for a fixed basis fi,..., f, of V*, the monomials
(fi)®r ... (fn)? form a basis of P,(V) indexed by IL, j defined in Problem 7.
Hint. In Problem 9, use (50.13) and Proposition 49.1.

51. Exterior forms
Topics: Exterior forms; differential forms; exterior derivative; closed and exact differential forms;
the Poincaré lemma.

Given a manifold M, a point = € M, and an integer r > 0, by exterior forms
of degree r (or, exterior r-forms) at x we mean elements of the vector space

AM = [T;M)™



150 9. DIFFERENTIAL FORMS

which is nothing else than the fibre over x of the vector bundle

A™M = [T*M]"".
Sections of A"M then are called differential r-forms on M. We have A"™M =
M x {0} when r < 0 (by definition) as well as when r > dim M (by (50.7)).
Also, A°M = M x R and A'M = T*M. Thus, differential 0-forms are just real-
valued functions on the manifold, while differential 1-forms are nothing else than

cotangent-vector fields. Any differential r-form w on M gives rise to the r-linear
skew-symmetric mapping sending vector fields vq,...,v, on M to the function

wi,...,v): M =R
given by

(51.1) [w(vy,...,v0)](x) = [w@)](v1(z),...,v-()).

Any local coordinate system 27 in M defines a local trivialization of each A™M
formed by all dz/' A.. . Adzi with 1 < j; < ... < j, <dim M (cf. (50.5). A (local)
differential r-form w defined on the coordinate domain then can be expanded as
(51.2) W= wj,. . dzIt AL A daiT

(summation over all r-tuples ji,...,Jj,), where

(51.3) Wiy.ojr = W(Djys -, Dj,)
are called the component functions w relative to the local coordinates 27 in M.
They are skew-symmetric in j; ... j, in the sense that Wi yedin(ry = (sgn7)wj, . 4,
for any permutation 7 of {1,...,r}. Consequently,
(51.4) w=r! Z wjy ode?t AL A da
J1<...<jr
and, by (51.3),
w(v1,...,0p) = wjlmjrv{l .. .vﬁr ,
Note that, given w and the 27, the coefficients wj, ;. of the expansions (51.2),
(51.4) are made unique by the requirement of skew-symmetry or, respectively, the
restriction of the range of summation; in general, it may happen that
w = fj.j.dz? AL A diT

with functions f;, ;. other than the wj . ;. , and then

s
1
Wiy jr = ﬁ Z (SgnT)ij(n---jT(r) )
T

the summation being over all permutations 7 of {1,...,7}.
Applying the exterior multiplication (see (50.9)) to exterior/differential forms
w, 0 of degrees r and s on M, we obtain the (r+s)-form wA#, and (Problem10.13)

(51.5) WA =(-1)"0N w.
In local coordinates z7, w A 6 has the components
1
(51.6) (wA 0)j1---j7‘+s = m Z (sgn ) W1y dr(r) 9j7(r+1)"'j7‘(7‘+s) )
where 7 this time varies through all permutations of {1,...,r + s} (Problem 1).

Due to skew-symmetry of the components of w and 6, each term on the right-hand
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side of (51.6) is repeated r!s! times, so that the number of terms can be reduced
from (r+s)! to ("F°) = 9! n particular (see Problem 2)

rls!
1 1
(6L7) (PAQjk = 5(173'% — DPrqj) 5 PAW)jk = g(pj Wkt + PrwWij + P wjk)
1
(518) (w AN w)jklm = g(wjk Wim + Wil Wmk + Wim wkl)

for 1-forms p,q and 2-forms w.

THEOREM 51.1. There exists a unique operation d, called the exterior deriva-
tive, which associates with each differential r-form w of class C' on any manifold
M, for all integers r >0 and | > 1, a differential (r +1)-form dw of class C'~!
on M, in such a way that

a. d is linear when r and | are fized.

b. d sends any C! function (0-form) f to its differential df.

c. dwAb)=dw A+ (=1)"wAdl for C' forms w,0 of any degrees r,s.

d. d®>=0,i.e., d(dw) =0 for C' forms w, | > 2, of all degrees.

e. d is local. i.e., the restriction of dw to any open set U C M depends only
on the restriction of w to U.

Furthermore, this unique operation d can be written as
(51.9) d(fjlu_jrdl‘jl Ao A dl‘jr) = dfj1~-<jr Adx?t A A dTiT

for any local coordinates 7 and any C' functions fj,. ., | > 1, which need not
be skew-symmetric in ji,...,Jr.

ProOF. Uniqueness of d is obvious from (51.9), which in turn follows imme-
diately from (a) — (e). Existence in any fixed coordinate domain is immediate if we
define d by (51.9) with f;, ;. = wj,. ;.. Its independence of the coordinates used
is obvious from uniqueness. This completes the proof. O

A local-component description of the exterior derivative is

T

1
(51.10) (dw)jy.. . = 1 Z(:)(_l)qajqwjo.,.ﬁl..,j,,,a
a=

where ~ stands for ‘delete’. In fact, the right-hand side of (51.10) is clearly
skew-symmetric in jo,...,jr, while from formula (51.9) with f;, ; = wj; . j,
we obtain, using (51.2) and skew-symmetry of the da’® A ... A dz/ in the fac-
tors dz’, and grouping terms, (r +1)dw = (r + 1) dj,wj,.. j. dz?°o A ... Adair =
[ZZ:O(_1)(183'4%0“.]‘;...%] dzio AL A dadr.

The exterior derivative can also be easily described in terms of degree r differ-
ential forms treated as r-linear mappings sending r vector fields to functions as in
(51.1); see Problem 3.

Let w be a local differential r-form in a manifold M, defined on an open subset
U of M. One says that w is closed if w is of class C! and dw = 0 identically in
U. On the other hand, w is called ezxact if w = d@ for some (r—1)-form 6 of class
C? having the same domain U. Condition (d) of the theorem simply states that
every ezxact differential form is closed. The converse statement obviously fails for
O-forms, i.e., (local) functions: closedness then means that the function is locally



152 9. DIFFERENTIAL FORMS

constant in its domain, while there is no nonzero exact O-form. It also fails for
1-forms; one easily verifies (see Problem 10) that the 1-form
T Y

51.11 _ du —
( ) Wwo .7/'2 +y2 Y x2+y2

dx,

on R?\ {0} (where z,y are the standard Cartesian coordinate functions) is closed
but not exact.

The following fundamental result is known as the Poincaré lemma. It shows
that the existence of such counterexamples in degrees r > 0 indicates some topo-
logical complexity of the domain U in question.

THEOREM 51.2. Let w be a closed differential r-form of class C', r,1 > 1, on
a manifold M which is diffeomorphic to a star-shaped open subset U of a finite-
dimensional real vector space V. Then w is exact. More precisely, w = d@ for
some global (r — 1)-form 6 on M which is of class C'*1.

PROOF. Set n = dim M and choose global coordinates 7 on M that con-
stitute such a diffeomorphism onto U; using a translation in R”, we may assume
that U is star-shaped relative to 0, i.e., with every point U also contains the
whole line segment connecting that point to 0. Let ;. ; be the functions of n
variables defined on U C R and such that, applied to the coordinate functions,
they yield the components of w, that is wj, . j, = Q5,.. 5, (J:l, ..., 2™). Now define
0 =0;, j.dzi? A...Adz?" through its component functions by setting

1
(5112) szmjr = /0 tr_lmj ijzmjr (tl’l, . 7t$n) dt.

Formula (51.10) with dw =0 yields
05, o — 0o -+ (D)0 gy = 055,

and 7(d0)j,..j, = 0j,05..5,— 020155+ - +(=1)"F1 05,055, . Since we have

1or— n o g n
0j,0j,... = fo Qg )dt+f0 t" 2 05, Qyj,. 4. (txt, .. ta™) dt (by
(51.12)), this and skew-symmetry of the Q;,  ; in ji,...,j, implies

1
T(de)jyujr =T / tr_lﬂjlmjr(ti(}l, . 7tl‘n) dt
(51.13) -
+/O txd 0;Q, 4, (bt ™) dt,

On the other hand, wj, . j, = Q;,. ;. (... 2") = 01 %[trﬁjlmjr (tzt, ... tz")] dt,

50 wj,. . =r(d8);,. ;. by (51.13). Thus, w = db O

52. Cohomology spaces

Topics: The de Rham cohomology spaces; cohomology of the Euclidean spaces; pullbacks under
C°° mappings of manifolds; restrictions to submanifolds; cohomology of the circle, computed via

integration.

Let M be a C° manifold. We denote by Q"M the real vector space of all
global differential r-forms of class C'°° defined on M. Thus, Q"M is trivial when
r <0 or r > dim M, and infinite-dimensional otherwise. The subspaces Z"™M and
BT™M of Q"M are, by definition, the kernel of d : Q"M — Q"M and, respectively,
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the image d(Q""M) of d: Q"~'M — Q"™M. Since d? =0, we have B"M C Z"M.
The quotient vector space

H'(M,R) = Z"™M/B™™
is called the rth de Rham cohomology space of M. For simplicity, we will often
write H"M instead of H"(M,R). As before,
(52.1) H™™ = {0} if r<0 or r>dimM.
We will also use the symbol

w]e H'M

for the cohomology class of any closed form w € Z"M, that is, its equivalence class

w mod B"™M € Z"™M/B"M. In other words, [w] is the coset w + B"M of B"™M
in Z™.

EXAMPLE 52.1. Z°M consists of all functions locally constant in M, and
B°M = {0}. Thus, if M is connected, we have an isomorphism
(52.2) H'M ~ R.
See also Problem 4.

EXAMPLE 52.2. By the Poincaré lemma, H"™M = {0} if M is diffeomorphic
to a star-shaped open subset of some R™. Thus,

IR ~ R, ifr=0
{0}, ifr#£0.

Every C! mapping F : M — N between manifolds can be used to pullback
differential forms from N to M, preserving the degree, so that it associates with
every r-form w on N the r-form F*w on M given by

(F*w)e(vi, ...y vr) = Wpe) (dFv1, ... dF,) .

The component functions (F*w)j,. . = (F*w)(pj,,...,p;.) of F*w relative to
local coordinates x’ in M thus can be expressed with the aid of the component
functions wa,..a, = W(Pay,---sPa,) of w relative to local coordinates y* in N
as

(52.3) (F*w)jr.ge = (05, F) ... (0, F*")(way...a, 0 F).
Therefore, F*w is of class C* if so are w and F. Any C* mapping F : M — N

thus gives rise to linear mapping F* : Q"N — Q"M sending each w to F*w.
Furthermore,

(52.4) doF* = Frod,
that is,
(52.5) F*(dw) = d(F*w)

for w € Q"N with any degree r (Problem 5). Therefore, F*(Z"N) C Z"™M and
F*(B"™N) C B"™M. As a consequence, F* : Z'"N — Z"M descends to a unique
linear operator

F*:H'N - H™M
between the cohomology spaces in every dimension r, with F*[w] = [F*w]. In the
case where M is a submanifold of a manifold N and F : M — N is the inclusion
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mapping, we call F*w and F*[w] the restriction to M of the differential form w
on N or the cohomology class [w], with the notation

wM:F*w, O'M:F*(T:[L«JM]
for we Q"N and o = [w] € H'N (if w is closed). See also Problems 6 and 7.

EXAMPLE 52.3. For the circle S* = {z € C : |z| = 1}, we have a natural
isomorphic identification

(52.6) H'S' = R,

so that, by (52.1) and Problem 4, H°S! and H'S' are 1-dimensional, while H"S?
is trivial for r ¢ {0,1}. In fact, the surjective C°° mapping

(52.7) Rot—etest

is, locally, a diffeomorphism (by Theorem 74.2) and any two local inverses of (52.7)
differ by a multiple of 27 in any connected component of the intersection of their
domains. Thus, even though ¢ is not a single-valued function of z = e € S,
the differential dt is a well-defined global C°° 1-form on S!, forming a global
trivialization of T*S'. Every C* 1-form w on S! can be written as a function
times dt, and since functions on S', when composed with (52.7), become precisely
all possible functions of ¢+ € R that are periodic with period 2w, we have w =
f(t)dt with a unique C'* function f on R such that f(t+ 27) = f(¢) for all
Then, by (51.9) dw = f(t)dt. Let us define the integral of any such w € Z'S* =
Q1S! to be the number

(52.8) /w _ /O% f(#)dt € R.

Note that w = f(t)dt € B'S" if and only if f = & for some C™ function h on R
that is also periodic with period 2m, which is in turn equivalent to fw =0 (as h
is obtained from f by integration). Thus, B%S! is the kernel of the nonzero linear
function Z'S' 3 w— [w € R, which establishes the required isomorphism (52.6).

~+

Problems

1. Establish (51.6). (Hint below.)

2. Verify (51.7), (51.8).

3. Given C" vector fields v, ..., v, on a manifold M and a differential r-form w
of class C! on M, show that

T

(r+ 1)(dw)(vg,...,v.) = Z(—l)qdvq [w(vo, ..., 0g,...,0p)]
q=0

+ Y ()P w([0pyvg)s 00y -y Ty Ty V)
0<p<q<r

where d, stands for directional differentiation. (Hint below.)
4. For a manifold M with a finite number k of connected components, describe
an isomorphism
H°M ~ RF.
5. Prove (52.4) (or (52.5)). (Hint below.)
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6. Given C* mappings FF': M — N, G: N — P between manifolds, verify the
composite rule

(52.9) (GoF)* = F"o G*
for the pullbacks both of differential r-forms (Q2"P — Q"M) and r-dimensional
cohomology classes (H"P — H"M), and an analogous identity rule

(52.10) Id*=1d
for M =N and F = Id.

7. Show that C°°-diffeomorphic manifolds M, N must have isomorphic cohomol-
ogy spaces, i.e., for all integers r,

H™ =~ H'N.

8. Let v : [a,b] — M be a piecewise C'* curve in a manifold M. By the line integral
over v of any continuous 1-form ¢ in M (defined on an open set containing
v([a, b])) one means the number fvf = ff &y (7(t)) dt. Assuming that v is a

closed curve in the sense that v(b) = ~(a), show that, for any 1-dimensional
cohomology class o € H'M, the number

L0=Lm=lam

where ¢ € ZM is any closed C* 1-form with [¢] = o, is well-defined (i.e.,
independent of the choice of such &), and that the function

(52.11) H'M >0 /a €ER
v

is linear; one calls (52.11) the period mapping corresponding to .

9. Given a C! mapping F : M — N between manifolds a piecewise C! curve in
the source manifold M, and a continuous 1-form ¢ in the target manifold M
(defined on an open set containing F(([a,b]))), prove that

(52.12) /F*§ = /. £.
¥ oy

Also, verify that, if F is of class C>°, we have, for any o € H'N,

(52.13) /F*a = / o.
¥ Fory

10. Verify that, for any C' function f on a manifold M and a piecewise C'! curve
v :la,b] = M,

(52.14) /#szW—fMW~

(Notation as in Problem 8.) Show that the 1-form (51.11) on R2\ {0} is closed
but not exact.
11. Construct a 2-dimensional connected manifold M such that H'M is infinite-

dimensional. (Hint below.)

Hint. In Problem 1, note that the right-hand side of (51.6) is skew-symmetric in

J1,--+,Jrts, while, summed against da/* A ... A dxir+s it gives w A 0 in view of

(50.10) and (51.2).

Hint. In Problem 3, use (51.10), (6.6) and (51.1).
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Hint. In Problem 5, write (51.10) with w replaced by F*w, using (52.3). The terms
on the right-hand side involving second-order derivatives of the F'® will undergo
cancellations due to symmetry properties of second-order partial derivatives. The
assertion now follows since, by the chain rule, 9;(wa,..a, © F) = [Oay(Way...a,) ©
F|o;Fo.

Hint. In Problem 10, note that wy is, locally, the differential of arctan(y/x)
or —arctan(z/y). Also, f7 wo = 2m for v : [0,27] — RZ2\{0} with ~(t) =
(cost,sint), and so, by (52.14), wp cannot be exact.

Hint. In Problem 11, set, for instance, M = C\Z. To prove our assertion, use
the family wj, of closed 1-forms labeled with integers k, given by wp = F*, wq,
where Fj, : M — M is the translation by k € Z with Fj(z) = 2+ k and wy is
the closed form (51.11) (restricted to the open submanifold M). The closed curves
curves i : [0,27] — M with yx(t) = k + €*/2 now satisfy yx = Fj o 70, so by
(5212), (5213) with Fk+l = Fk o Fl, we have

(52.15) / [wi] = F*wo = / wo = 2m0y .
Tk Tk Ve—1

(Note that f% wo = 0 for all s # 0, since the image of «s then lies in the open
set U={2€ M :z=uz+iy,x,y € R,x # 0}, while wy = df in U with
f(z) = f(x +iy) = arctan(y/x).) In view of (52.15), the system [wy], k € Z, of
vectors in H'M is linearly independent: if any finite combination of these vectors
is zero, so is each coefficient as one sees by taking line integrals.



CHAPTER 10

De Rham Cohomology

53. Homotopy invariance of the cohomology functor

Topics: Betti numbers; the Poincaré polynomial; the graded de Rham cohomology algebra;
piecewise C" homotopies between C” mappings of manifolds; homotopy invariance of the induced
cohomology-algebra homomorphism; extension of the cohomology functor to continuous mappings
between compact C °° manifolds.

For a manifold M and an integer 7, the rth Betti number of M, denoted by
b.(M), is the dimension of the cohomology space H'M. We set b.(M) = oo if
H"M is infinite-dimensional. By (52.1), b,(M) =0 if r <0 or r > dim M.

For any manifold M whose Betti numbers are all finite, one defines the Poincaré
polynomial of M to be the polynomial IP[M] in the variable ¢ given by

(53.1) P[M] = ) bt", where b, =b.(M) and n=dimM.
r=0

For instance, according to Examples 52.2 and 52.3,

(53.2) IP[R"] =1, IP[SY] =1+t

In this chapter we will introduce an object called the Mayer-Vietoris sequence and
use it to prove that the Betti numbers of a compact manifold are all finite, and
determine them for all spheres, tori, projective spaces and closed orientable surfaces
of any genus.

A graded algebra is a real or complex associative algebra A along with a fixed
direct-sum decomposition A = @, .4 A, of the underlying vector space such that
Ay As C Apys for all r,s € Z (where the algebra multiplication of A is written
multiplicatively). Examples of interest for us are, for a given manifold M, the
graded algebra Q*M and its (graded) subalgebras Z*M and B*M, with the sum-
mands Q"M, Z"™M and B"M, respectively. By (c) in Theorem 51.1, B*M is a
two-sided ideal in Z*M (but only a subalgebra in Q*M). We can thus form the
quotient (associative) algebra

H'M = Z*M/B*M ,
called the cohomology algebra of M. Its multiplication is referred to as the cup
product and denoted by U. Explicitly, H*M is the direct sum

H'M = H'M &...o H'M , n = dim M
of all cohomology spaces of the given manifold M, and the cup product is given by
[wjUlf] = [wAb].
Thus, whenever p € H'™M and o € H°M, (51.5) gives
pUoc = (—1)" o Up.

157
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Any C* mapping F': M — N gives rise to the pullbacks F* : Q*N — Q*M and
F*: H*N — H*M (see the end of §51), which are algebra homomorphisms (Prob-
lem 1). Thus, C*°-diffeomorphic manifolds have isomorphic cohomology algebras,
and the isomorphism in question is graded, that is, compatible with the direct-sum
decompositions of the algebras.

Let &, ¥ : M — N be C* mappings between C* manifolds, 0 < k <w. A C*
homotopy between @ and ¥ is any continuous mapping F : [a,b] X M — N, with
—00 < a < b< oo, such that F(a,z) = ¢(z) and F(b,z) = ¥(z) for every x € M,
while F is of class C* in the sense that it appears so in any given local coordinates
for M and N. (This last requirement is, clearly, a geometric property.) If such F
exists, & and ¥ are said to be C*-homotopic. When k = 0, one drops the prefix
C° and speaks simply of homotopies and homotopic mappings.

Given manifolds M, N, let F : [a,b] x M — N be a C° homotopy between
C* mappings @,¥ : M — N. Then, for each integer r, there exists a linear
operator H : Q"N — Q"M such that

(53.3) U — @* = doH + Hod

(which, for each r, is an equality between operators H : Q"N — Q"M while the de-
pendence of all operators involved on r is suppressed in our notation). Specifically,
for w € Q"N, we define Hw by

b .
(Hw)z(ve,...,v.) = / [W(F(t,2))](F(t,x), dFvs,. .., dE,) dt.

whenever x € M, that is, in local coordinates z7 for M and y* for N,

b ) \ \
(s, = [ @nrnn, 0 F) G @ F) . (05, PV .

In fact, (53.3) is easily obtained by combining the last formula with (51.10) and
(52.3), due to pairwise cancellations of terms involving second-order partial deriva-
tives of the components of F, and the relation ¥*w — &*w = f:(d[Ft*w]/dt) dt,
with F, = F(t, - ).

We can now prove the fact stated in the title of this section.

THEOREM 53.1. If two C°° mappings @, ¥ : M — N between manifolds are
C*>°-homotopic, they induce the same graded algebra homomorphism H*N — H*M.

PRrROOF. By (53.3), for any closed r-form w € Z'N, the pullbacks ¥*w and
¢*w differ by the exact form d(Hw) € B"~M. O

Given continuous mappings @, ¥ : N — M from a manifold N into a connected
Riemannian manifold (M, g), we define their uniform distance to be

(53.4) dist (@,¥) = sup{d(®(y),¥(y)) :y € N}.
Thus, 0 < dist(P,¥) < oo, and dist(P,¥) < oo if one of M, N is compact. We
will say that a continuous mapping ¥ : N — M is the uniform limit of a sequence

&y, of continuous mappings N — M if dist(Px,¥) — 0 as k — oo. See also
Problem 2.

THEOREM 53.2. FEvery continuous mapping ¥ from a compact manifold N
into a compact connected Riemannian manifold (M, g) is the uniform limit of a
sequence of C*° mappings N — M.
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ProoOF. Whitney’s embedding theorem for compact manifolds allows us to
treat M as a submanifold of a Euclidean space V. We may choose an open set
U in V, containing M, and a C* retraction = : U — M. (Namely, U is
the image of a tubular-neighborhood diffeomorphism, cf. Problem in §..., under
which 7 corresponds to the bundle projection of the normal bundle of M in V.)
In view of the Stone-Weierstrass theorem (or, more precisely, Corollary 75.2 in
Appendix B), ¥ is the uniform limit, relative to the Euclidean metric of V, of
a sequence Fj of C'°° mappings N — V. The image Fy(N) must, for all but
finitely many k, be contained in U, or else there would exist points in V\ U
arbitrarily close to points in M, and so, taking a convergent sequence of the latter
points we would get a contadiction (a limit lying in M and, simultaneously, in
VA U). The sequence @), = wo F), of C° mappings N — M (with “large” k) now
converges to ¥ uniformly relative to the metric g. In fact, otherwise there would
exist ¢ > 0 and a sequence of “large” integers k with points y; € IV such that
d(Pr(yr), P(yr)) > €, and, choosing a subsequence of the y; that converges to some
y € N (see Problem 3), we would get 0 = d(¥(y),¥(y)) > €. This contradiction
completes the proof. O

LEMMA 53.3. For every compact connected Riemannian manifold (M,g) there
exists a constant ¢ > 0 such that any two C* mappings ®,¥ : N — M from any
manifold N with dist(®,¥) < & are C*-homotopic.

PRrOOF. With ¢ asin Corollary 34.2, we define a homotopy F : [0,1]xN — M
by F(t,y) = exp,tv, where © = ®(y) and v € T, M is the vector such that
exp,v = ¥(y), depending C°°-differentiably on = and ¥(y). O

We will now extend the cohomology functor, for compact manifolds, to a larger
category of all continuous mappings, rather than just C°°-differentiable ones.

THEOREM 53.4. A graded algebra homomorphism ¥* : H*M — H*N can be
uniquely assigned to every continuous mapping ¥ : N — M between compact C*>
manifolds in such a way that for C°° mappings ¥ it is the homomorphism defined
at the end of §51, while &* = ¥* if two continuous mappings @, ¥ : N — M are
homotopic.

PROOF. Let ¥ : N — M be continuous. Choosing a Riemannian metric g
on M (see Remark 28.3), a constant ¢ > 0 for (M,g) as in Lemma 53.3, and
a C* mapping & : N — M with dist(®,¥) < ¢/2 (which exists in view of
Theorem 53.2), we nay now define ¥* by setting ¥* = @&*. This does not depend
on how @ was chosen: for another such choice =, we have dist(®,Z) < ¢ due to
the triangle inequality for dist (Problem 2), we get =* = @* from Lemma 53.3 for
k = oo and Theorem 53.1.

We have thus extended the functor to continuous mappings, and the extension
will clearly be unique once we establish the remaining property of homotopy invari-
ance. However, the prceding argument clearly gives @7 = @5 for two continuous
mappings @1, Py : N — M with dist(Pq,P:) < £/2. Homotopy invariance now is
immediate from Problem 5. O

Problems
1. Verify that F* : Q*N — Q*M and F* : H*N — H*M are algebra homomor-
phisms whenever F': M — N is a C* mapping.
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2. Given a manifold N and a compact connected Riemannian manifold (M, g),
show that the set C(N,M) of all continuous mappings N — M, with the
distance function (53.4), forms a metric space. Is it complete?

3. For a compact manifold N, a connected Riemannian manifold (M, g), a sequence
F, € C(N, M) with the uniform limit F € C(N, M), and a sequence y; € N
with a limit y, prove that Fy(yx) — F(y) in M as k — oo.

4. Verify that the “functorial” properties (52.9) — (52.10) remain valid in the cate-
gory of compact C* manifolds and continuous mappings.

5. For a compact manifold N and a compact connected Riemannian manifold
(M, g), show that if two continuous mappings @, : N — M are homotopic,
then, for any e > 0, there exist an integer k£ > 1 and continuous mappings
&;:N—=M, j=0,1,...,k, with &g =&, &, =¥ and dist(P;_1,¥;) < ¢ for
all j €{1,...,k}. (Hint below.)

Hint. In Problem 5, note that otherwise, with a fixed homotopy F : [a,b]x N — M

between ¢ and ¥, we could find € > 0 and sequences t;, s; € [a,b] and y;,z; € N,

Il =1,2,..., such that |t;, —s;| — 0 as | — oo and d(P(ti, ), P(s1,21)) > e.

Choosing “simultaneous” convergent subsequences, we would get a contradiction.

54. The homotopy type

Topics: Homotopy equivalences and algebra isomorphisms; homotopy type; examples.

One calls a continuous mapping @ : M — N between manifold a homotopy
equivalence there exists a continuous mapping ¥ : N — M such that both com-
posites of @ and ¥ are homotopic to identity mappings ®o ¥ to Idy, and ¥ o ®
to Idas. In this case, ¥ is also a homotopy equivalence, called a homotopy inverse
of @. If a homotopy equivalence M — N exists, the manifolds M and N are said
to be homotopy equivalent. One similarly defines (a) C°°-homotopy equivalence by
requiring, in addition, that ¢ and & be of class C°.

One also expresses the fact that two manifolds are homotopy equivalent, or
C*°-homotopy equivalent, by saying that they have the same homotopy type, or
C*>-homotopy type.

REMARK 54.1. According to Problem 4 in §53 (and Theorem 53.1), two com-
pact manifolds having the same homotopy type, or two arbitrary manifolds of the
smae C°°-homotopy type, must also have isomorphic graded cohomology algebras.

LEMMA 54.2. Let M be a submanifold of a manifold N andlet ¥ : N — M is
a C* mapping which, as a mapping N — N, is homotopy equivalent to the identity
Id : N = N. Then the inclusion mapping M — N is a homotopy equivalence, for
which ¥ 1s a homotopy inverse.

In fact, for the inclusion mapping @ : M — N, we have oW =¥ : N — N,
and Yo = Idy,.

ExAMPLE 54.3. For any n > 1 and points o € R", y,z € S™ with y # z,

a. S™\{y} is diffeomorphic to R™.

b. R™\{o} is homotopy equivalent to S"~! (where S° is a two-point space).

c. S™\{y,z} is homotopy equivalent to S"~!.

d. Any star-shaped open subset U of R”™ has the homotopy type of a one-point
space (which is a 0-dimensional manifold).

See Problem 1.
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Problems

1. Prove the claims made in Example 54.3. (Hint below.)

2. Show that the total space of a C'°° vector bundle over a manifold M is C°°-
homotopy equivalent to M. (Hint below.)

3. Verify that M x RF has, for any manifold M and any integer k£ > 0, the
C*-homotopy type of M.

4. Let K = R or K = C. Prove that the projective space KP" minus a point
has, for each n > 1, the homotopy type of KP" ™', (Hint below.)

5. Let W be a codimension-one subspace of a finite-dimensional real/complex vec-
tor space V, and let P(W) be the corresponding linear subvariety of the pro-
jective space P(V). Prove that P(V)\P(W) is diffeomorphic to a Euclidean
space. (Hint below.)

6. Let U be a strongly convex, nonempty open set in a connected Riemannian
manifold. Verify that U has the homotopy type of a point. (Hint below.)

Hint. In Problem 1, for (a): use the stereographic projection from y (§2), for (b):
replace o with 0 (using a translation diffeomorphism) and apply Lemma 54.2 with
N=R"\{0}, M={z € N :|z|] =1} = S ! and &(z) = x/|z|, the homotopy
[0,1] 3 (t,x) — F(t,z) between Id and & being F(t,x) = (1 — t)x + ta/|z|.
Finally, (c) is immediate from (a) and (b), while in (d) we may assume that U is
star-shaped relative to 0 and apply Lemma 54.2 to N = U, M = {0}, &(z) =«
and the homotopy F(t,z) =(1—t)z, 0 <t <1.

Hint. In Problem 2, use Lemma 54.2.

Hint. In Problem 4, use Problem 4 in §18 and Problem 2.

Hint. In Problem 5, note that P(V)\ P(W) is the domain of a projective coordi-
nate system (§2).

Hint. In Problem 6, choose « € U and apply Lemma 54.2 to N =U, M = {z},
the constant mapping @ = x and the homotopy F(t,z) = (1 —t)z, 0 <t < 1.

55. The Mayer-Vietoris sequence

Topics: The connecting homomorphism; exact sequences; the Mayer-Vietoris sequence; finite-

ness of Betti numbers of a compact manifold.

We now turn to a method of determining the Betti numbers of various specific
manifolds.

Finding dimensions of vector spaces, and bounds on those dimensions, is often
made possible by exhibiting linear operators between pairs of such spaces that are
injective and/or surjective, that is, have a trivial or improper kernel or image.

In many cases the information that is readily available has the seemingly weaker
form of equality between the image of one operator and the kernel of another;
namely, some natural sequences of operators are exact, in the sense that defined
below. As we will see in the next section, exactness of such a sequence is in turn
often sufficient to determine the dimensions of the spaces involved.

Let U, U’ be open subsets of a manifold M such that U U U’ = M. The
(disjoint) closed sets K = M\U and K’ = M\U’ can be separated by a C™
function f: M — R in the sense that f = 1 on an open set containing K and
f =0 on an open set containing K’. (See Problem 1 in §84 of Appendix D.) Thus,
whenever s is an integer and w € Q*(U N U’), there exist 4,0’ with

(55.1) w=0-10 on UNU', while 6€Q°U and ¢ € Q°U".
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(In fact, we may set 6 = fw and 6’ = (f —1)w.) For any given s € Z we define the
connecting homomorphism &* : H*(U N U') — H**M to be the linear operator
such that, with 0,6’ chosen for w € Z*(U N U’) as in (55.1),

dd onU

(55.2) 0*[w] = [o], where 0 = {d@’ on U

That §* is well-defined and linear can be seen as follows. First, if the closed form w
representing the given cohomology class [w] is fixed, the right-hand side of (55.2)
does not depend on the choice of 6,6 with (55.1): letting 6,0 be another such
choice, we have 6—0=40 —0"on UnN U’', and so there exists x € Q°M with
x=0—-0 on U and x =60 — 60" on U’. Hence, for & defined as in (55.2) using
6,0" instead of 0,0, we have & = o + dy, that is, [6] = [o]. Next, let w is replaced
by another closed form @ = w+ d(x —x’) representing the given cohomology class;
here we wrote an arbitrary (s — 1)-form of class C* on U N U’ as a difference
x — X’ of one such form on U and another on U’. Now, if 6,0  are chosen as in
(55.1) for w, then analogous forms 6,0 for @ may be defined by 6 = 6 + dx and
0" =0 + dx'. Thus, o in (55.2) for @ is the same as for w. Finally, linearity of
0* is obvious.

A sequence ... — Vi1 — Vi — Vi1 — ..., infinite in both directions and
consisting of vector spaces and linear operators (or, more generally, groups and
homomorphisms) is called ezact if, for every integer k, the image of Vj_; — Vi
coincides with the kernel of Vi, — Vi41.

An important example of an exact sequence is the Mayer-Vietoris sequence
associated with any pair U, U’ of open subsets of a manifold M such that UUU’ =
M. (See Problem 2.) It is given by

(553) ... 5 HM = HU XU H(UNU) % M =

Here ‘conn.’, ‘rstr.” and ‘sbtr.” mean “connecting”, “restriction” and “subtraction,”

while §* or ‘conn.’ is defined by (55.2), ‘rstr.” sends [w] to ([x], [x]), where x, X’
are the restrictions of w to U, U’, and ‘sbtr.” assigns to ([x],[x’]) the difference
[0] — [0'], where 0,60 are the restrictions of x,x’ to UnN U'.

In addition, we allow UNU’ in (55.3) to be empty. More precisely, the sequence
(55.3) remains exact also when we agree to treat the empty set as a manifold,
perhaps of dimension —1, and set H*@ = {0}, that is, b5(@) = 0, for all s € Z.

Note that 6* : HO(UNU’) — HM is the zero operator if UN U’ is connected.
In fact, a closed O-form w on U N U’ then is a constant function, and 6, 6" with
(55.1) may be chosen constant as well.

LEMMA 55.1. If a manifold M is the union of two open sets U, U’ such that
H'U = H'U' = {0} and UnN U’ is connected, then H'M = {0}.

PRrROOF. The restriction operator in (55.3) for s = 1 is trivial, since so is its
target space; hence its kernel is H'M. In view of exactness, H'M is also the image
of the zero operator mentioned in the last paragraph. O

As our second application of the Mayer-Vietoris sequence, we will now show that
some simple conditions, such as compactness of a manifold M, are suffcient for
finite-dimensionality of its cohomology algebra H*M , that is, finiteness of all Betti
numbers b,.(M).
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PROPOSITION 55.2. Let a manifold M admit a finite open covering U such
that dim H*U < oo for the cohomology algebra H*U of the intersection U of
every nonempty subfamily of U. Then dim H*M < co.

Proor. Let U = {Uy,...,Ur}. We use induction on k. When k = 1, our
claim follows as M = U is the intersection of the subfamily {U;}. Next, suppose
that k£ > 2 and our assertion holds whenever the open covering with the stated
property consists of fewer than k sets. The Mayer-Vietoris sequence (55.3) with
U= UiU...UUi_1 and U’ = Uy now satisfies the finite-dimensionality assumption,
and hence conclusion, of Problem 4(a). O

COROLLARY 55.3. The Betti numbers of any compact manifold are all finite.

This is immediate from Proposition 55.2 in view of Corollary 34.2 combined with
the Borel-Heine theorem and Problem 6 in §54. (Intersections of strongly convex
are, obviously, strongly convex.)

Problems

1. Verify that the Mayer-Vietoris sequence (55.3) is exact (also when UNU’ = ).

2. Show that whenever an exact sequence contains a portion that has the form
.= {0} >V > W — {0} — ..., the arrow V — W appearing in it must be
an isomorphism.

3. Given an exact sequence ... — Vip_1 — Vi — Vi1 — ... of vector spaces, let us
set ny = dim Vj, and define ri to be the rank, i.e., dimension of the image, of the
operator Vj;_1 — Vi. (Thus, all ny,ry lie in the set {0,1,2,...,00}, consisting
of all nonnegative integers and the symbol oco.) Verify that ny = rg + rr41 and
nk < ng—1 + ng1 for every integer k. (Hint below.)

4. Let us agree to say that, in an exact sequence ... - Vi1 = Vi = Vi1 — ...,
two out of every three spaces satisfy some given condition if there exist two
distinct numbers ¢, ¢’ € {0, 1,2} such that this condition holds for V}, whenever
k —q or k — ¢ is divisible by 3.

(a) Show that if two out of every three spaces in an exact sequence are finite-
dimensional, then all spaces in it are finite-dimensional.

(b) Verify that if two out of every three spaces in an exact sequence are trivial,
then all of its spaces are trivial. (Hint below.)

Hint. In Problem 3, the first relation njy = ry 4+ rx11 follows from the rank-nullity
theorem (since 7y is the dimension of the kernel of Vi — Vj11), and the second
one is immediate from the first.

Hint. In Problem 4, use the inequality ng < ng_1 + ngr1 (Problem 3).

56. Explicit calculations of Betti numbers

Topics: The cohomology spaces of spheres, real and complex projective spaces, tori, connected

sums, and and closed orientable surfaces of any genus.

In view of Corollary 55.3, the Poincaré polynomial IP[M] is well defined when-
ever the manifold M is compact. Using exactness of the Mayer-Vietoris sequence
(55.3) and Remark 54.1, we obtain the following relations. Some specific manifolds
appearing in them are compact; others, denoted by M and N, are assumed to have
finite Betti numbers (and the same then follows for their disjoint sum, connected
sum, and Cartesian product). The relatons in question are



164 10. DE RHAM COHOMOLOGY

i. P[@] =0 and IP[{0}] = 1, where {0} is a one-point space,

i, P[S"] =1+1t7,

iii. IP[CP"] = 1+t2 +tt Lt = (1 -2 /(1 - 12,

iv. IP[RP"] =1 for even n, and IP[RP"] =1+ ¢" for odd n,

v. P[T"] = (1+41t)",

vi. IP[M U N] = IP[M] + IP[N] if M, N are disjoint and dim M = dim N,
vii. IP[M # N] =P[M] + IP[N] — IP[S"], where n = dim M = dim N,
viii. P[M x N] = IP[M] - IP[N],

ix. IP[St x M]=(1+t)IP[M],

x. P[] =14 2kt + t2, where X, is a closed orientable surface of genus k.

[
Relation (viii), known as the Kinneth formula, will not be proved (or used) in this
text, and we include it only for the reader’s infomation. We do, however, prove its
special case (ix).

The first equality in (i) is our convention about the empty set (see a comment
following (55.3)), the second one is immediate from Example 52.2. We will now
derive (ii) — (iv), (vi), and (ix) from exactness of the Mayer-Vietoris sequence (55.3),
in which the role of M is played by the manifold appearing on the left-hand sise of
each equality. In most cases, instead of the open sets U, U’, we will describe their
(disjoint, closed) complements Y,Y”. First, in (vi), Y,Y’ are M and N, and we
can either use the trivial empty-intersection case of (55.3), or use a simple direct
argument, analogous to that in Problem 1. In (ii), we choose Y,Y” to be one-point
sets, so that, in view of Example 54.3(a),(c), U~ U’ ~ {0} and UN U’ ~ S"~ %
(Here and in the sequel we let &~ stand for homotopy equivalence.) Thus, by (53.2)
and Problem 2 in §55, exactness of (55.3) gives b,_1(S""!) = b,.(S™) whenever
r > 2, and hence b.(S") = b._1(S"7 1) = ... = by(S* ") for r = 2,...,n.
Thus, in view of (53.2) and Lemma 55.1, b.(S™) =1 if r =n and b, (S") = O if
1 <r < mn, so that (ii) follows.

In (iii) and (iv), let our Y,Y”’ be a one-point set and a linear subvariety of
codimension one over the scalar field K, as in Problem 5 of §54. Thus, U =
KP"™', U’ =~ {0}, and, in (iii), U N U’ ~ §?"~1 while, in (iv), UN U’ ~
S7=1  (See Problem 5 in §54 and Example 54.3(b).) For any n > 1 we have
ban—1(CP™) = 0, since (55.3) contains the fragment {0} — H?"~1CP"™ — {0} (by
(ii) and (52.1)). Another fragment is {0} — H?*"~152"=1 — H?"CP" — {0} (cf.
(52.1)), and 8o ba,,C™ = bg,,_15?"~1 =1 from Problem 2 in §55 and (ii). Similarly,
the fragment {0} — H*CP™ — H*CP"~! — {0} in (55.3), for s = 2,...,2n — 2,
shows that bs(CP™) is the same for all n > s/2, with any fixed s > 2. Also,
Lemma 55.1 implies, by induction on n, that b (CP™) = 0 for all n > 1. These
formulae, combined, easily give (iii), and a similar argument, with S??~! replaced
by S"~1 yields (iv) (see Problem 2).

Proofs of (v), (ix) and (x) are left to the reader in the form of Problems 3, 4,
5 and 6.

Relations (vii) will be proved later, in §58, under the assumption that M and
N are compact.

Problems

1. For amanifold M having a finite number % of connected components Uy, ..., Uy,
exhibit for each r € Z a natural isomorphism H'™M ~ H'U; & ... ® H"U.
(Hint below.)
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Verify (iv).

Prove (ix). (Hint below.)
Prove (v). (Hint below.)
Prove (X) (Hint below.)

AN ol ol o

Hint. In Problem 1, use the assignment
H™M > [w]— (Jwi]y.. s [wk]) e HU & ... H Uy,

wy being the restriction of w to U,.

Hint. In Problem 3, choose the closed sets Y,Y” to be {p} x M and {q} x M for
two distinct points p,q € S, and use Problem 3 in §54 (for k = 1) along with (vi).
Hint. In Problem 4, use (ii) for n = 1, (ix) and induction on n.

Hint. In Problem 5, use (v) for n =2 and (vii).

57. Stokes’s formula

Topics: Oriented integral of a compactly supported continuous highest-degree forms on oriented

manifolds; the Stokes formula (without a boundary term).

By an orientation in a real vector bundle n with a positive fibre dimension
over a manifold M we mean an assignment that associates with every x € M an
orientation of the fibre 7, (cf. §70 in Appendix A) and is continuous in the sense
of being represented, in a suitable neighborhood of any point of M, by a local
trivialization of 1. One calls 1 orientable if an orientation in 7 exists.

Similarly, an orientation of a manifold M with dim M > 1 is any orientation
in the tangent bundle TM, and M is said to be an orientable manifold if TM is
an orientable vector bundle.

In addition, by an oriented bundle (or, manifold) we mean a pair consisting of
an orientable real vector bundle (or, manifold) and a fixed orientation for it.

A local coordinate system z7 in an oriented manifold M is said to be compatible
with the orientation if, for every z in the coordinate domain, the basis p;(x)
represents the orientation chosen in T, M. Note that every coordinate system x’
can be “made” compatible with the orientation by changing the sign of z! in
suitable connected components of the coordinate domain.

Let w be a continuous differential n-form with a compact support on an n-di-
mensional oriented manifold M. We now define a number

(57.1) /Mw €ER

called the oriented integral of w. To do this, we note that the fixed orientation
of M naturally determines a C'*° vector-bundle isomorphism between A"M and
the real-line bundle of densities on M, which assigns to an exterior n-form at a
point x € M the density p sending any (ordered) basis ei,...,e, of T,M to
+u(er,...,e,), with the sign indicating whether or not ey, ...,e, agrees with the
fixed orientation. We now declare (57.1) to be [, p.

For instance, if supp w is small in the sense of §36, and we choose a coordinate
system 27 compatible with the orientation, which contains supp w in its domain,
then

(57.2) / w = len(x17...,x") dz' ... dz".
M R»
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where Q. is a function of n real variables with wy ., = Q. ,(z!,...,2"), for
the only “essential” component function wj. , of w (see Problem 1), characterized
by
Wi.n = W(Pl» o apn) )
that is
W= w1 pdr' A.. Adz"™

(cf. (51.2), (51.3)). The right-hand side of (57.2) makes sense as ;. , may be
trivially extended to a compactly supported continuous function on R™.
The following classical result is know as Stokes’s theorem.

THEOREM 57.1. Let 6 be a compactly supported differential (n — 1)-form of
class C! on an n-dimensional oriented manifold M. Then

/dG:O.
M

PROOF. See Problem 7. O

Given a n-dimensional manifold M which is both compact and oriented, we can
now define a linear function

(57.3) / :H"M — R
M

called the integration of top cohomology classes, and assigning to each ¢ € H"M

l € \/alue
M

with w € Q"M = Z™M such that o = [w]. By the Stokes theorem, [, o is well
defined (that is, independent of the choice of w in the given cohomology class).

REMARK 57.2. The integration (57.3) is always surjective (i.e., nonzero), as we
may choose w with a small support and such that ;. _, in (57.2) is nonnegative
but not identically zero.

Problems
1. Verify that the components (51.3) of any exterior (or differential) n-form w in
an n-dimensional manifold M satisfy wj, ;. = €j,..j, wi..n, Where €5, ;. is
the Ricci symbol (see the hint for Problem 11 in §8).
2. Show that
wug, ..., up) =detB - w(vy,...,vg)
whenever w is a k-linear skew-symmetric mapping V x ... x V — W between
real or complex vector spaces, and the vectors uy,...,ur € V are combinations
of vy,...,v; € V with the coefficient matrix B = [B?], so that u, = BPuvg,
a,Be{l,...,k}. (Hint below.)
Show that the integral in (57.1) is a linear function of w
Verify that f f(t)dt =0 for any compactly supported C! function on R.
6. Show that fR,,L [Of/ 81:3 Jdxt... dz™ = 0 for any compactly supported C! func-
tion on R™ and any j =1,...,n. (Hint below.)
Prove Theorem 57.1. (Hint below.)
8. Verify that the integrals (57.1), (57.3) both change sign when the orientation of
the manifold in question is reversed.

oLk

3
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9. Verify that formula (52.8) expresses the oriented integral (57.1) in the case where
the manifold in question is S with the orientation that assigns to each z € S!
the set of bases (i.e., nonzero vectors v) in T,S! given by (dt)(v) > 0, with dt
defined according to (52.7).

10. Show that every C! diffeomorphism F between oriented connected manifolds
M, N with dimM = dim N =n > 1 is either orientation-preserving or orien-
tation-reversing in the sense that, at every x € M, the differential dF, sends
the orientation chosen in T, M onto that chosen in Tr(,)IN or, respectively, its
opposite (and the choice of one or the other option is the same for all ). Is the
connectedness assumption necessary?

Hint. In Problem 2, note that
wW(B"Vay, ..., Bptva,) = B ... B w(vay, -, Vay,)
= €ara, B BRFw(vi, .. 0p),
where €q,..., is the Ricci symbol (Problem 1), while

oo BY ... B = det [BY].

Hint. In Problem 6, use iterated integration and Problem 5.

Hint. In Problem 7, use a partition of unity to assume that 6 is supported in a
coordinate domain, and note that, by Problem 6, each term of (d6)q.. ., = 0102, ., —
02013..n + ... £ 01 n—1 then contributes zero to the integral [, d6.

Hint. In Problem 9, note that due to linearity of either integral, we may assume
(using a partition of unity) that w is supported in an open subset U of S that
is a diffeomorphic image under (52.7) of an open set in R. This makes ¢ into
a coordinate (system) with the domain U, compatible with the orientation (as
(dt)(0/0t) =1 > 0) and (52.8) is nothing else than (57.2) with n =1, 2! =t and
Q= f.

58. The fundamental class and mapping degree

Topics: Integration of top cohomology classes as an isomorphism for spheres; compactly sup-
ported antiderivatives for compactly supported closed forms in Euclidean spaces; integration as
an isomorphism between the top cohomology space of any compact oriented connected manifold

and the real line; the fundamental class; the mapping degree; examples.

REMARK 58.1. Given a compact oriented n-dimensional manifold M, the fol-
lowing three conditions are equivalent:

a. For every n-form w of class C*° on M with wa = 0 there exists a
differential (n — 1)-form 6 of class C* on M such that w = d#.

b. The oriented-integration operator (57.3) is an isomorphism.

c. dimH™M =1.
In fact, (a) implies (b), and (b) implies (c¢). Now, assume (c), and let W be the
space of all w € Q"M with fM w = 0. By the Stokes theorem, B™"M C W C Z"M,
while W # Z"™M (see Remark 57.2), so that W = B"M as the image of W
under the projection into the 1-dimensional quotient space Z"M/B"™M now must
be trivial.

Each of the equivalent three conditions (a) — (c¢) in Remark 58.1 is actually
satisfied by every m-dimensional manifold M which is compact, oriented and, in
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addition, connected. (See Theorem 58.5 below.) We have already established that
fact (namely, condition (b)) for all spheres; see (i) in §56.
We now need the following, more refined version of the Poincaré lemma.

LEMMA 58.2. Suppose that K 1is a closed ball centered at 0 in R™, while
U C R” is an open set with K C U, and w is a differential r-form of class C*°
on R™ such that

i. suppw C K, and

ii. Fither 1 <r<n-—1 and w is closed, or r =n and fR" w=0.
Then w =df for some differential (r — 1)-form 0 of class C* on R™ such that
suppf C U.

PROOF. Let K’ be another closed ball centered at 0 with K ¢ K’ C U, and
let f:R"— R be a C* function such that f =0 on an open set containing K
and f =1 on R"\ K’ (Problem 18 in §6). Let us also identify R™ with S™\{z}
for some z € S™ as in Example 54.3(a). The center 0 of K and K’ then becomes
the antipodal point —z of z, and the stereographic projection from —z provides
a diffeomorphism between both S™\ K, S™\ K’ and suitable open Euclidean balls.
Regarding w as an r-form of class C* on S™, we have w € B"S™ (by Remark ?7?,
(a) in Remark 58.1 and (i) in §56). Thus, there exists a differential (r — 1)-form
0" of class C* on S™ such that w = d@’. Next, the form obtained by restricting
0" to the “ball” S™\ K is obviosly closed. If r > 1, Poincaré’s Lemma for that
restricted form implies the existence of y € Q2"~2(S"\ K) with ¢’ = dx on S"\ K.
The form 6 = 6’ —d(fx) then satisfies our assertion. On the other hand, if r =1,
the function 6" with d¢’ =0 on S™\ K equals a constant ¢ there (as on S™\ K
is connected), and we may use 6 = 6’ — ¢. This completes the proof. O

PROPOSITION 58.3. Let w € Z"™M be a closed differential r-form of class C'*°
on an n-dimensional manifold M such that supp w is small in the sense of §36.
If, in addition, either

i 1<r<n-—1, or

ii. r=mn, while M is orientable and [,, w =0,
then w € B™M, that is, there exists a differential (r — 1)-form 0 of class C* on
M such that w = df.

PrOOF. Identifying U with an open ball centered at 0 in R", we may treat
w as a compactly supported global form on R"™. Let K be the smallest closed ball
centered at 0 in R”™ such that suppw C K. Thus, K C U and the radius of
K equals the distance between suppw and R"\U. Applying Lemma 58.2 to w,
the open ball U, and this K, we find the corresponding 6 which has a compact
support contained in U, and so it may be treated as a form on M. O

REMARK 58.4. Note that the (r — 1)-form 6 obtained in the above proof also
has the property that supp @ is small.

The following isomorphism theorem shows that the three equivalent conditions (a)
— (c) in Remark 58.1 hold for all compact, oriented, connected manifolds.

THEOREM 58.5. For every compact, connected, oriented n-dimensional mani-
fold M, the integration of top cohomology classes is an isomorphism

(58.1) H"MBUH/ ceR.
M
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Proor. We will prove condition (a) of Remark 58.1. Let w € Q"M with
wa = 0. Choosing U; and ¢4, ¢ = 1,...,k, as in Lemma 36.4 we obtain
w =), wy With wj = ¢qw. In addition, let us select compactly supported forms
Xq € Q"M, ¢ = 1,...,k, with x, = 0 and such that, for all ¢ = 1,...,k — 1,
supp Xq C UgN Ugq1 and [, xqg = 1. (This is possible as Uy N Ugy1 is nonempty.)
If we now set a, = >7_, [}, w} for ¢ =0,...,k, then ag = a; = 0. Formula

Wg = Ag—1Xg-1 + w; — GqXq>
for ¢ =1,...,k, defines compactly supported n-forms w, of class C'*°, such that
Sy wq =0, while suppw, C U, for all ¢ =1,...,k and, finally, quq = qu; =
w. Thus, each w, satisfies the hypotheses of Proposition 58.3, so that w, € B"M.
Consequently, w € B™M , which completes the proof. O

Let us again consider a compact, connected, oriented manifold M of any dimension
n > 1. The isomorphism (58.1) now singles out a distinguished nonzero element
o™ of the top cohomology space H"™M (n = dim M), characterized by

(58.2) /M oM = 1.

One calls o™ the orientation class (or fundamental class) of the manifold M.
Note that ¢™ depends on the orientation, and is replaced with —¢™ when the
orientation is reversed. Furthermore, ¢™ spans H"M and, for any o € H"M,

(58.3) o= (/M 0) oM.,

Let F : M — N be any C° mapping between compact, connected, oriented
manifolds M, N of the same dimension n > 1. The degree of F is by definition
the real number

(58.4) deg FF = / F*o™.
M

In view of (58.2) and (58.3), we have

(58.5) F*o" = deg F - o™

(since the integrals of both sides coincide) and

/F*U:degF~/a
M M

for each 0 € H"N. For o = [w] with any given w € Q"N, this gives

/ Frow = degF~/ w.
M M

Thus, deg F' can be found from the formula

(58.6) deg F' = M
Jarw
which is valid for any differential n-form w of class C'°° on the n-dimensional
manifold N such that [, w # 0.
In the following examples, F, M, N,n are as above.

EXAMPLE 58.6. We have deg ' =0 if F' is a constant mapping. In fact, then
Sy F*w =0 in (58.6).
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EXAMPLE 58.7. More generally, deg F' =0 if F' is not surjective (that is, not
“onto” N. Namely, we then have [ y Frw =10 for any w € Q"N supported in the
(nonempty and open!) set N\ F(M).

EXAMPLE 58.8. The degree of a mapping changes sign when the orientation of
M or N is reversed, since so does | v and o™ respectively. Reversing both ori-
entations leaves the degree unchanged. This leads to an interesting situation when
M = N (and we choose to endow both “copies” of M with the same orientation).
Then M needs only to be orientable (but not necessarily oriented) for the degree
to be well-defined, by the formula F*o™ = deg F - o™ (or (58.4), or (58.6), with
M = N). In other words, if n=dimM and F: M — M is a C°° mapping,

F* acts on H"M via multiplication by deg F'.
Applied to the identity mapping of M, this yields
(58.7) deg Id = 1.

EXAMPLE 58.9. For the composites of C'°° mappings between compact, con-
nected, oriented manifolds of the same dimension we have

deg(Go F) = degF - degG,
by (58.4), (58.5) and (52.9). Now (58.7) yields
(58.8) degF - degF71 =1, and so deg F' # 0
whenever F' is a diffeomorphism.

EXAMPLE 58.10. From the homotopy invariance of F* (see §53) it follows that
homotopic mappings must have the same degree. In particular, if F' is a homotopy
equivalence, (58.8) remains valid with F~! replaced by a homotopy inverse of F.

ExAMPLE 58.11. For every compact oriented n-dimensional manifold M there
exists a C* mapping F : M — S™ with deg F = 1 for a suitable orientation of
the sphere S™. (See Problem 8.)

Problems

1. Verify that, for a C*° diffeomorphism F': M — N between compact, connected,
oriented manifolds M, N with dimM = dim N = n > 1, we have degF =1
if F is orientation-preserving (cf. Problem 10 in §48) and deg F' = —1 if F is
orientation-reversing.

2. Let F,F' : M — N be (C° mappings between compact, connected, oriented
manifolds M, N. Show that if F' and F’ are C'°°-homotopic (§53), then deg F' =
deg F'.

3. Show that for every Euclidean inner product (,) in a real vector space V of
any even finite dimension, V' may be identified with the underlying real space
of some complex vector space in such a way that (,) becomes the real part of
a Hermitian inner product. (Hint below.)

4. Let F: 8™ — S™ be the antipodal mapping of the unit sphere in R"*!, that is,
the restriction to S™ of the multiplication by —1. Prove that deg F' = (—1)"*!.
(Hint below.)



59. DEGREE AND PREIMAGES 171

5. For a C* mapping F : S! — S of the circle S = {z € C: |2| = 1}, let us
define the function R 3t — 2(t) € C by z(t) = F(e'), and set 2(t) = dz/dt.
Prove that e .

deg F' = L @dt.
2 Jy  2(t)
(Hint below. )

6. Can a compact, connected, orientable manifold be homotopy equivalent to a
compact, connected, orientable manifold of some other dimension? (Hint below.)

7. Given an integer n > 1, show thet there exists a C'*° mapping F : R* — S™
and a point z € S™ such that F : U — S™\{z} is a diffeomorphism (where
U={xeR":|x|<1})and F(y) =z for all y € R"\U. (Hint below.)

8. Prove the statement in Example 58.11. (Hint below.)

Hint. In Problem 3, fix a Hermitian inner product in a complex vector space W of
the same real dimension as V' and choose a linear isometry between its underlying
real space of some and V.

Hint. In Problem 4, note that, when n is even, F' is orientation-reversing (both in
R and S™), while, if n is odd, F' is homotopic to the identity via the homotopy
(curve of mappings) whose tth stage, for t € [0, 7], is the multiplication by e in
R"*! treated as C"t1/2_ ¢f. Problem 3.

Hint. In Problem 4, note that w = dt is a well-defined 1-form on S!, even though
t is not a well-defined function, and use (58.6).

Hint. In Problem 6, note that dim M equals the largest r satisfying the condition
H"™M # {0}, which in turn is invariant under homotopy equivalences.

Hint. In Problem 7, let S = {(t,x):t € R, x € R", t* +|x|> = 1} and then set
z=(-1,0) and

F(x) = (cos(p(|x]), sin(e(fx])) - x/[x]),
where ¢ : R = R is a C™ function such that ¢(¢) < 0 for ¢t < 0, ¢(0) = 0,
©(0) =1, @(t) =2m for t > 1, and ¢(t) > 0 for t € (0,1). (Take ¢ to be, e.g, a
multiple of an antiderivative for x in Problem 16 in §83 of Appendix D.)

59. Degree and preimages

Topics: Integration as an isomorphism between the top cohomology space of any compact ori-

ented connected manifold and the real line; the fundamental class; the mapping degree; examples.

Given a linear operator ® : V. — W between two oriented real vector spaces
of the same positive, finite dimension, we define

sgn® € {-1,0,1}

to be +1 if ® is an isomorphism that preserves the orientation (i.e., maps the
distinguished orientation in V' onto the distinguished orientation in W, to be —1
if ® is an isomorphism that reverses (does not preserve) the orientation, and to be
0 if ® is not an isomorphism.

LEMMA 59.1. Let F: M — N be any C° mapping from a compact manifold
M into a manifold N, and let y € N be such that dF, : T, M — T,N is injective
for every x € F~1(y). Then the set F~1(y) is finite.

PROOF. Suppose, on the contrary, that there is an infinite sequence of distinct
points xx € M with F(x) = y. Replacing it with a subsequence, we may assume
that 2, — = as k — oo for some # € M. Then x € F~!(y) and, by the
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rank theorem (cf. formula (9.6), F' is injective on some neighborhood of z, which
contradicts the fact that such a neighborhood must contain infinitely many preim-
ages of y. This completes the proof. O

We now prove what may be called the mapping degree theorem.

THEOREM 59.2. Let F : M — N be any C* mapping between compact,
connected, oriented manifolds M, N of the same dimension n > 1, and let y be
a regular value of F', that is, a point y € N such that dF, : T,M — TyN is an
isomorphism for every x € F~'(y). Then the set F~'(y) is finite, and the degree
of F can be written as

degFF = Z sgndF, ,
z€F~1(y)

This is immediate from (58.6) applied to a differential n-form w of class C*>
supported in a sufficiently small neighborhood of y and such that f w # 0.

Since regular values y as required in the above theorem always exists (see
Sard’s theorem in §57 of Appendix B), we obtain

COROLLARY 59.3. The degree deg F' of any C*> mapping F between compact,
connected, oriented manifolds M, N of the same dimension n > 1, is an integer:

degF € Z.

EXAMPLE 59.4. The fundamental theorem of algebra: every nonconstant poly-
nomial P with complex coefficients, viewed as a mapping C — C, is onto (and
hence has a root). In fact, we may treat C as an open subset of the Riemann
sphere S%, namely the domain of one of the two coordinate systems introduced
in Problem 8 of §2. Then C = S%\{oco} for a specific point oo € S2, and the
other coordinate system has the domain U = S%\{0}, with 0 € C C S? and
the coordinate mapping U 3 z — 1/z € C (where 1/oo = 0). Our polyno-
mial P : C — C C S? has an extension P : S? — S§? given by P(c0) = o0,
which is easily seen to be a C'°° mapping. Since the Riemann sphere is compact,
connected and orientable (Problems 19 and 15 in §3), P has a well defined map-
ping degree deg P. Furthermore, deg P coincides with the algebraic degree of P
(the integer k with P(z) = ag + a1z + ...+ apz®, where ag,ay,...,ar € C and
ar # 0). In fact, P, as a mapping S? — S2, is homotopic to each of the polyno-
mials Pi(z2) = t(ap + a1z + ... + axg_12*71) + axz®, t € [0,1], including Py, and
Py is in turn homotopic to F with F(z) = 2* (write a, = re? and consider the
homotopy [0,1] 3 t — F; with Fy(z) = (r — tr +)e??(=92%). Since deg F = k
(by Theorem 59.2), we have deg P =k > 0 and so P is surjective (Example 58.7),
as required.

Problems
1. Given a C™ mapping F : S' — S! of the circle

St={zeC:|z|=1
into itself, define the complex-valued function R > t — F(e'’) € C. Prove that
1 [ 3(t)

59.1 deg FF = — —Zdt
( ) & 2mi Jo o 2(t)
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where, as usual, ()"= d/dt. Thus, the integral in (59.1) is automatically real.
(Hint below. )
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CHAPTER 11

Characteristic Classes

60. The first Chern class

Topics: The (first) Chern form of a connection in a complex vector bundle; the first Chern class
for complex vector bundles; the first Chern class and operations on bundles.

Given a connection V in a complex vector bundle 1 over a manifold M, we
define the (first) Chern form of V to be the differential form c¢v € Q2M of degree
2 on M with

1
(60.1) ey (v,w) = Py Im [Trace (RY (v, w))]

i
for x € M and v,w € T, M (where Im means ’the imaginary part of’). Thus,
in terms of local coordinates x7 for M and a local trivialization e, for 7, the
component functions of ¢v are

1
v

(60.2) Cip = %Im Rjka”
Furthermore, by (20.10),

Rjra® = Onljo — 05135,

as the two terms quadratic in the I}Z cancel each other after contraction (which

amounts to vanishing of the trace of the commutator of two square matrices). Thus,
by (51.2) and (51.10) we have

1 W
(60.3) & = f;d(Iija da’),

so that ¢ is locally exact, and therefore it is closed:
de¥ =0,

ie., & € Z2M. Any other connection V in 7 can be written as V =V + F for
some C* section of the vector bundle T*M ® Hom (1, ) = Hom(T'M, Hom(n,n)).
(Problem 1 in §20.) Then, by (60.3), V- & = df/m, with the global 1-form
0 = Im Ff, dz’. (In component-free language this says 6, (v) = Im [Trace (Fy(v))]
with Fj(v) € Hom(n,,n,) for x € M and v € T, M.) The cohomology class

(60.4) ai(n) = [V] € H*M

thus depends on 7 alone, and not on the choice of the connection V. We call ¢;(n)
the (real) first Chern class of the complex vector bundle 7.

The first Chern class ¢;1(n) is well-defined for any complex vector bundle 7
over a compact manifold M since, according to Problem 7(c) in §28, 7 then admits
a connection. However, a connection in 7 must exist even without compactness of
M. We will not prove that general fact, which is a consequence of the countability
axiom (cf. §14). Since our applications deal exclusively with compact manifolds,
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we will simply treat the existence of a connection/metric as an extra assumption
we choose to make in the noncompact case.

EXAMPLE 60.1. Combining (60.1), (60.2) and (60.4) with curvature-components
formulae for connections obtained by applying natural operations to other connec-

tions (§27), we obtain the following results for complex vector bundles 7, n’ over
a manifold M.

a. c1(n) =ci1(n’) if n and 71’ are isomorphic (Problem 2).

b. ¢1(n) =0 if n is trivial (use (a) and a standard flat connection).

c. an@n)=c)+al).

d. aa(n*) = —cr(n).

e. ci(m®n') =¢c1(n)+qci(n), where ¢ and ¢ are the fibre dimensions of 7
and 7.

f. c1(n™) = c1(n), if g is the fibre dimension of 7.

g. ca1(F*n)=F*(c1(n)), whenever F': N — M is a C* mapping and F*n is
the bundle over N obtained as the F-pullback of a bundle n over M.

Problems

1. Verify that, in a real vector bundle over a compact manifold, the 2-form R, dzI A
dz" is always exact. Give a description of this form that does not involve local
coordinates or a local trivialization. (Hint below.)

2. The same for the 2-form Re Rjz,” dz? Adz® in a complex vector bundle.

3. Prove the claim made in Example 60.1(a). (Hint below.)

4. Show that a complex line bundle 7 over a compact manifold has ¢;(n) = 0 if
and only if 7 admits a flat connection.  (Hint below.)

Hint. In Problem 1, first use a connection compatible with a Riemannian fibre

metric, and then note that the cohomology class of the form in question does not

depend on the connection.

Hint. In Problem 3, use a connection in 7 and its push-forward under an isomor-

phism n — 7.

Hint. In Problem 4, assume exactness of ¢¥ and then conclude that another con-

nection in 7, written as V = V + F. Let both connections be compatible with a

fized Hermitian fibre metric, so that Im in relevant expressions can be omitted.

61. Poincaré’s index formula for surfaces

Topics: Poincaré’s index theorem.

PRrROPOSITION 61.1. Let 1 be a real vector bundle of fibre dimension n over a
compact n-dimensional manifold M. Then there exists a global C'*° section v of
1 having only finitely many zeros.

Proor. Using Problem 7 in §28, we may choose a vector bundle ¢ of some
fibre dimension k over M, an (n+ k)-dimensional real vector space V, and a C*
vector-bundle isomorphism h:n@® — M x V. Let us fix a positive-definite inner
product (,) in V, and denote

Y={ueV:{uu =1}

the corresponding unit sphere. Also, (,) gives rise to a Riemannian fibre metric
g in ¢ characterized by g,(£,&) = (he(€), h(£')), and the set

N = {(1',5)31'€M7 §€Cma gm(gag):]-}
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(called the total space of the unit sphere bundle of () carries a natural structure of
a compact (n + k — 1)-dimensional manifold, such that the mapping

F:N—>X
given by
F(z,8) = he(§)
is of class C'°. Note that every u € V gives rise to a C™ section [ of 7, given
by
() = o (hy ' (w),

where 7 : 1@ ( — n is the obvious projection morphism. As dim N = dim X, we
can use Sard’s theorem, to select a regular value u of F. By Lemma 59.1, F~*(u)

is finite, so that the section ¢ = [* has finitely many zeros. This completes the
proof. O

We can now prove Poincaré’s index theorem:

THEOREM 61.2. Let n be an oriented real vector bundle of fibre dimension n
over a compact oriented n-dimensional manifold M. For any C* section ¥ of n
which is defined and nonzero outside a finite set Sing () C M, we then have

X(ﬁ) = Z indg .

{ze Sing (¥)}

in preparation

in preparation

COROLLARY 61.3. Given a C* wvector field w defined and nonzero outside a
finite set Sing (w) C M in a compact orientable manifold M, we have

x(M) = Z ind,w.

{z€ Sing (w)}

ProOF. This is Theorem 61.2 for n =TM.

Problems
in preparation

62. The Gauss-Bonnet theorem

Topics: The Gaussian curvature function of a Riemannian surface; the Gauss-Bonnet formula.

The Euler class becomes particularly useful in cases where the base manifold
M is compact and oriented, and the fibre dimension ¢ of the oriented real vector
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bundle n over M iparticular interest arises when coincides with n = dim M. One
then defines the Euler number of n to be x(n) = [e(n), i.e.,

X = [e) = [E7 < R.

If, in addition, n = T'M, this number is called the Euler characteristic of M and
denoted x (M), so that

V(M) = X(TM) = / o(TM)
and
(62.1) x(M) = /EV

for any connection V in T'M, compatible with a Riemannian metric g on M. Note
that x(n) changes sign when one of the orientations (of 1 or T'M) is reversed, and
so it remains the same if both orientations are changed. Therefore, the Euler
characteristic x(M) is well-defined for any compact manifold M which is just
orientable, not necessarily oriented. Obviously, by (62.1) and (63.4),

x(M) =0 if dimM is odd.

By a zero of a local section 1 of a vector bundle 1 over a manifold M we
mean any point « € M lying in the domain of ¢ and such that ¢ (z) = 0. For a
compact orientable manifold M, we have

(62.2) x(M) =0 if M admits a global C* tangent vector field without zeros.

In fact, such a vector field w leads to the decomposition TM = n @ nt, where 7
is the line subbundle spanned by w, and we can use Example 3(c), with e(n) =0
in view of (63.4). In dimension 2, we have the following classical result, known as

the Gauss-Bonnet theorem.

THEOREM 62.1. Let (M,g) be a compact orientable Riemannian surface, that
s, a Riemannian manifold of dimension 2. Denoting K the Gaussian curvature
function of (M,g) (see (30.13)), we then have

(62.3) % /Kl/ = x(M),

where the integration opeator [ and the volume form v refer to any fized orienta-
tion of M.

PRrROOF. Using the Levi-Civita connection in T'M, we obtain
(62.4) R, (v,w) =2Kv Aw

in (63.2), in view of (30.6) (i.e., (30.9)) and (51.7), where the tangent vectors v, w
are treated as 1-forms via lowering of indices with the aid of g (so that v; = g;,v").
If v,w form an orthonormal basis of T, M, we thus have v = +2v A w by (?7),
so that, from (63.2), B(v,w) = £K, and hence 2rEY = Kv. This completes the
proof. O

Thus, for instance, the Euler characteristic of the 2-sphere is

X(8%) = 2.
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(To see this, we can use (62.4) with K = 1/r? for a sphere of radius r (see ...),
while Area(S?) = 4mr? by (37.3) for n = 2.) Consequently, the tangent bundle
TS? of the 2-sphere is not C*° trivial. In fact, by (62.2), S? does not admit a
global C'*° tangent vector field without zeros. By a local tangent frame in a surface
M we mean a pair e, es of C° tangent vector fields on an open submanifold V' of
M that form, at each point of V', an orthonormal basis of the tangent plane. The
corresponding connection form then is the 1-form w on V with w(v) = g(Vye1, e2)
for C*° tangent vector fields v on V. Thus,

Veer = w(v)ea, Vyea = —w(v)eq,

in view of orthonormality. We then also have
K det[gjl] = 820.)1 — 61WQ,

K Dbeing the Gaussian curvature of the surface M.

63. The Euler class

Topics: Volumes of spheres; the Euler form of a connection, compatible with a Riemannian fibre
metric, in an oriented real vector bundle; the Euler class of an oriented real vector bundle; the
Euler class and operations on bundles; equality between Chern and Euler classes for complex
line bundles; the Euler number; the Euler characteristic of a compact orientable manifold; the
Gauss-Bonnet theorem for compact Riemannian surfaces; the Euler characterisic for spheres;
nonexistence of C'° vector fields without zeros, and on even-dimensional spheres; nonexistence
of a nonzero proper C'°° vector subbundle in the tangent bundle of an even-dimensional sphere;

the Gauss-Bonnet-Chern formula.

The construction described below, require the existence in the given vector
bundle of a connection along with a compatible Riemannian fibre metric. We know
(Problem 7(c) in §28) that such objects exist whenever the base manifold M is
compact. Actually, this is true for every base manifold M, even without compact-
ness. We will not prove here that general existence result (which is a consequence
of the countability axiom, cf. §14). Since our applications deal exclusively with
compact manifolds, we will simply treat the existence of a connection/metric as an
extra assumption we choose to make in the noncompact case.

ExAaMPLE 63.1. For an n-dimensional sphere
St ={veV:|=r}

of radius » > 0 in an (n + 1)-dimensional Euclidean vector space V, with the
induced Riemannian metric g, we have

2n+1 n/2 21

M r™, if niseven
Vol S;L = 27T("+717WQ

T T r, if nisodd.

[(n—1)/2]!

See Problems ......

Let us now consider an oriented real vector bundle 7 of some fibre dimension
q > 1 over a manifold M (see §48). and let g be a Riemannian (that is, positive-
definite) fibre metric in 1. The volume form v of g in 5 allows us to express any
w € (nF)™, or any section w of (n*)"9, as a scalar (functional) multiple of v, or
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v, with the coefficient that will be denoted (v, w); thus, suppressing = we have, in
either case
w = (r,wiv

and
(63.1) (v,w) = wle,...,ex)
with e, as in (...). Furthermore, suppose that we are given a connection V in
7 which is compatible with ¢ (see §28). Recall that the g-modified curvature of
V at z (§28) assigns, to each x € M and all v,w € T, M, the skew-symmetric
bilinear form

R (v,w) € )2,
characterized by (28.10), i.e., 7, x 17, > (¥, @) — (RY(v,w), ¢) € R. This allows
us to introduce the tensor B, € L(T,M,..., T, M;R) = [T:M]®? defined by

(63.2) By(vi,...,vq) = (Vg, Ry(vi,v2) Ao A Ry(vg—1,74))

for vi1,...,vq € TyM (if q is even), or B, =0 (if ¢ is odd). Finally, one defines
the Euler form EY of V (and g) to be the differential form EY € QWM of degree
q on M, with

|)2
63.3 gY = @
(03:) T B
for all x € M, where & is the skew-symmetrization projection (see ..... ), applied
here to B,. Note that, by definition,

(63.4) EV =0 identically if the fibre dimension ¢ is odd.

GB,

In terms of local coordinates 27 for M and a local positive-oriented, orthonormal
trivialization e, for 7, we thus have, by (63.1)
(63.5)
EY — q!
v (8m)1/2(q/2)!

with the local 2-forms

(63.6) Rop = Rjkap dz? A da*

€ Raay Ao o A Ra,_ya, if the fibre dimension ¢ is even

(ie., Rap(v,w) = (RV(v,w)eq, ep)) and the Ricci symbol %1% analogous to that
in Problem 1 of §57.

For a fixed z € M, choose the e, at z with Fjljl(z) =0 (§26). By (20.10) and
(28].1) with gqp = 5ab7 we then have 8lekab + aijlab + 6lejab =0 at z, so
that, by (51.10), (d Rap)(2) = 0. Hence, by (63.4) and (63.5), (dEY)(z) = 0. Since
z € M was arbitrary, we obtain

dEY =0,

i.e., EV € Z9M. Furthermore, the cohomology class of E¥ does not depend on the
choice of the connection V or the compatible Riemannian fibre metric g, and so it
is an invariant associated with the oriented real vector bundle 7 (of fibre dimension
q) alone. It is denoted

e(n) = [EV] € H'M
and called the Euler class of the oriented bundle 7. Thus, by definition (see (63.4)),

e(n) =0 if the fibre dimension of 7 is odd.
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To see the independence of [Ev] of V or g, we may assume that the fibre
dimension ¢ of n is even. First, let us fix ¢ and consider two connections V
and V in 5 both compatible with g. We can always find a curve [0,1] 3 ¢ —
V) of connections in 7 which are all compatible with g, and such that for any
coordinate-and-trivialization domain U, the components I7%,(t,z) of V® at x are
C* functions of (t,z) 3 (—&,1+ &) x U for some ¢ > 0 and, finally, V(®) =V,
vih = V. (For instance, set V() = V + tF, where F is the C™ section of
T*M ® Hom(n,n) = Hom(T'M, Hom(n,n)) with V = V + F, cf. Problem 1 in
§cc.) The Euler forms E® of V® then satisfy

d
Zr® — g0®
dt

for a suitable curve [0,1] > ¢ + 0 of (¢ — 1)-forms on M whose components
in any coordinate domain U are C°° functions of (t,z) 3 (—e&,1+4 ¢) x U with
some € > 0. (See Problem ..). Then EV - EY = dw, with 1-form w = f 61 dt.
Finally, for two Riemannian metrics ¢ and ¢ in 7 and a connection V in 7,
compatible with g, we can find a bundle automorphism (gauge transformation)
F :n—n sending g onto ¢’ (see Problem ..), and the push-forward V = F'V of
V under F then is compatible with § (Problem 2 in §25), so that EY = EV by
Problem ... This proves the independence property stated above.

EXAMPLE 63.2. Combining (63.3), (63.4) and (63.6) with curvature-components
formulae for operations on connections (§17) (Homework #17, #18, #24), we
obtain the following results for oriented real vector bundles 7, 1’ over a manifold
M.

a. e(n) =e(n') if n, n' are isomorphic (Problem 2).

b. e(n) =0 if n is trivial (use a flat connection).

c. e(ndn’)=-en) Ue(®). (See Problem ...)

d. e(F*n) = F*(e(n)) for pullbacks under C'*° mappings F: N — M.
e. e() = —e(n) if 7 is obtained from 7 by reversing the orientation.
f.

e(n) = cl( ) if the fibre dimension of 1 equals 2 and so a Riemannian fibre
metric along with the orientation make 7 into a complex line bundle. See
Problems .....

A generalization of these properties of S? to spheres of higher (even) dimensions is
immediate. Specifically, we have

x(S™) = 2 whenever n > 2 is even.

To see this, note that we have (62.4) for the sphere S of radius r with the
submanifold metric (again, from (..) with K =1/r).

in preparation

Therefore, if n is even, T'S™ does not admit any nonzero proper C°° vector
subbundle 7. (If it did, we could apply Example 3(c) to T'S™ = noplusn’ and
then use (??).) In particular, every global C'*° tangent vector field on S™ must
have at least one zero. For odd-dimensional spheres, see Problem ...
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Another interesting relation is the product formula
X(M x N) = x(M)x(N)
(Problem ...) for compact orientable manifolds M, N of arbitrary dimensions.
A generalization of the Gauss-Bonnet theorem to compact orientable Riemann-
ian manifolds of higher (even) dimensions is provided by the Gauss-Bonnet-Chern
formula

X(M) = .

8m)"72(n)2)! / [t R g - R i) v
See Problem ...
Problems

1. Verify that, in a real vector bundle, the 2-form R;xq" dx? ANdx® is always exact.
2. Isomorphic.

3.
e(n) = 0 if n admits a global C* section without zeros.
(Hint below.)
3. (Hint below.)

3. (Problem ...Use a connection in 7 and its push-forward under an isomorphism
n— n’.) (Hint below.)

3. x(M) = #M if M is finite. Verify product. odd-dimensional spheres (Hint
below.)

1 o
X(n) - / W e eal...anleanlaz AN AR an_qan

(Hint below.)

3. By the cross product of a differential r-form w on a manifold M and a differ-
ential s-form 6 on a manifold N we mean the differential (r + s)-form w x 6
on the product manifold M x N given by

wxl = mywU To,

where 7, and mwy are the projection mappings of M x N onto M and N,
respectively. Verify that then d(w x 6) = (dw) X 8+ (—1)" w x df. Suppose now
that M and N are both compact and oriented and r = dim M, s = dim N.
Prove that, if w and 6 are both continuous and compactly supported, then so

is w x #, and
Jeexo=([<)-(J)
(Hint below. )

3. Given manifolds M, N and cohomology classes o« € H"M, 8 € H°N, one defines
their cross product o x 8 € H' (M x N) by

axf = myaU myp

with 7y and 7 as in Problem ... Verify that [w] x [0] = [w x 0] whenever
weZ™ and 0 € Z™M.

e(nx¢) = e(n) xe().
x(nx¢) = x(mx(C)-
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T(M x N) = TM x TN .

(Hint below.)

3. Given a finite-dimensional real or complex vector space V' and a nondegenerate
symmetric bilinear form (,) on V, let us call a basis e, of V orthonormal if
(easep) =0 for a # B and (eq,eq) = €4 = £ 1 for each . Show that, for any
two orthonormal bases e, and e, of V, the transition matrix [A%,], defined
by eq = Af eq, satisfies

det[AS)] = 1.
(Hint below.)
5. Let e, be an orthonormal basis for a nondegenerate symmetric bilinear form ()

in a finite-dimensional real or complex vector space V, a =1,...,n =dimV.
Prove that, for any system wvy,...,v, of vectors in V, one has

det & = ¢, (detB)?,
where & = [(v4,vg)] is the Gram matrix of the v,, and B = [B?] denotes

the coefficient matriz of the v, characterized by v, = Bgeg, a,Be{l,...,n},
while ¢, = (—=1)", r being the negative index of (,) (the number of minus signs
in its signature —... —+...4), l.e., €, = €1...&, with 4 = (€q,€q) = +1.

(Hint below.)50.4.] Verify that, under any change of the coordinates z? in M
and the local trivialization e, in 7,

I, = AL I, + 0y log | det[AL]]
where 7 is a C°° vector bundle over a manifold M and Z;l(’l are the component

functions of any connection V in 7, with the transition functions pg/ = 8j:vj/
(p. 8) and €% =e%(eq) (p- 23). (Hint below.)
Hint. In Problem 2, use a partition of unity to assume that 6 is supported in a
coordinate domain, and note that, by Problem ... in §57, each term of (d);. , =
010, — 02013, . + ... £ 0pb1.. n1 then contributes zero to the integral f do.
Hint. In Problem 2, note that

«a Qg _ « ay _ «a Qg
W(B " Wayy -, BpFva,) = B . B w(Vay s -5 Va,) = €aqay BT - BRR w(v,.

€ai..a, being the Ricci symbol (see the hint for Problem 11 in §8), so that €4, .q, By ... By*

det[B5].

Hint. In Problem 3, note that the matrices & = [(eq,eg)], & = [{ew,ep)] and
A = [A%,] satisfy & = ATSA (i.e., (ea,e5) = Ag,Ag, (€q,ep)), while det &' =
det ® = +1, so that (det2)? = 1.

Hint. In Problem 5, (vq,v5) = BSB§(ep,eq) = >, 6,BLBE, ie., & = BTDB
with ® = diag(e1,...,en). .

Hint. In Problem50.4, use the transformation rule Ij'l?la, = Ag.,AZ,Ab/ I 4+AY 9, A,

b “ja
(formula (30.8)) and note that
AY 0, A% = 0 log | det[AS]|

a’ —

in view of (8.21) with ¢t = 27" and F = [AG].

..,’Uk),
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CHAPTER 12

Elements of Analysis

64. Sobolev spaces

Topics: Sobolev norms; Sobolev spaces of sections of a vector bundle; the localization principle.

Let there be given a real/complex vector bundle 1 over a Riemannian manifold
(M, g), a Riemannian/Hermitian fibre metric (,) in n and a connection V in 7,
compatible with (,). For any open set U C M, we denote by C§°(U,n) the
real /complex vector space of all C*° sections of 7 which have compact supports
contained in U. Whenever p € [1,00] and r is a nonnegative integer, we define
norms || ||, in C§°(U,n) by declaring the pth power [[4[|} . of [[1[|,, to be

(64.1) [l5, = 1DlE + IVelE+ - + IVl if p < oo

where V" and || ||, denote the rth covariant derivative and the LP norm, with

(64.2) ol = | [ 1o1ds] "

and setting

(64.3) [Plloc,r = max ([[¢]los [V lloos - -5 IV P][o0)

where || || is the L% (or supremum) norm, with ||@|lcc = sup,, |¢|. When no
section ¢ is mentioned, we will use the symbol L? for the norm | ||, with p < oo,
while || |loo,» Will be denoted by C”. The terminology traditionally employed is:
the Sobolev norm LP (with r derivatives in LP) and the C™ norm. If r =0, we
will write || |, and || ||« rather than || ||,0 or || |[ec,0 for the LP and C° norms.
That || ||, is actually a norm follows from the Minkowski inequality (Prob-
lem 1). In the case where M is compact, we will use the symbols L2(U,n) and
C™(U,n) for the completions of C§°(U,n) relative to the L and C" norms.

Problems
1. Given measurable functions f,h valued in [—o0,00] on a fixed measure space
and p € [1,00], prove the Hoélder inequality

(64.4) 1Rl < [1f1lpllPllg
q € [1,00] being uniquely determined by the condition
1 1
(64.5) S+ o=
p q
where 1/00 =0, and the Minkowski inequality
(64.6) 1f + 2l < [[fllp + Al

(Hint below.)

185
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Hint. In Problem 1, for (64.4) we may clearly assume that 1 < p < oo and
I fllps lIRll; are both finite and positive, and then, normalizing, also assume that
loll, = ll¥ll; = 1. On the other hand, A%u® < aX + by for any a,b,\,u €
[0,00) with a+ b = 1, as one verifies by applying d/d\ to find the maximum of
Aot — aX — by, for fixed p,a,b. Now (64.4) follows, via integration, from this last
inequality for A = |¢|P, p = |[¢|%, a =1/p, b =1/q. To prove (64.6) we may let
p > 1, and then use (64.4) with h replaced by |f + h|P~L.
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Hint. In Problem 1, find the maximum of A{*...A7* —ajA; — ... — ap)y using
d/dX\y, with Xo,..., A\, and all a; fixed.
Hint. In Problem

The localization principle:

The Sobolev lemma:

(64.7) C" <« LP if M is compact and s > -
p
The Sobolev inequality:
(64.8) LZE/T(nfrp) < LP? if M iscompact, s>r>1and 1 <p < L
r

Any compactly supported C' function ¢ : R® — R, n > 2, satisfies the
following inequality (due to Gagliardo and Nirenberg, 1958):

1 = 1/n
(64.9) el < 5 TT105l3™
j=1

In fact, 2| [*  f(t)dt| < |f]1 for any a € R and any L' function f: R — R
with ffooo f(t)dt = 0, as one sees writing f = fy — f- with f; = max (0, f)
and f_ = —min (0, f), so that fi >0 and 2| filly = ||fll1, while 2| [*_ fdt| <
2 [*  fydt—2[®_ f_dt| which, being the distance between two numbers in the
interval [0, ||f]|1], cannot exceed | f||;. Fixing all but the jth component z7 of
a point z € R™ and applying this to f = ;¢ with t = 27, we get 2|p(x)| <
J2o0 1950l da? and hence 27 |p(x)[™ < TT7—; ¢j, where @; = [ |9;]dzd. (No
summing over j, in either relation!). Problem 4 now yields (64.9).

Problems

1. Verify that A" ... A" < aiAi+...+arA, whenever aj, A; € [0,00), j =1,...,k,
and aj + ...+ ap = 1, with the convention that 0° = 0. (Hint below.)

2.

3. A generalized Hoélder inequality. |[hy ... hellg < [[hallpa) - [[hellpr), if p(J) €
(1,00) for j=1,...,k,and q € [1,00) is given by ¢~ = [p(1)] "1+ - -+[p(k)] %

4. Given measurable functions ¢; : R* — R, j = 1,...,n, with n > 2, such
that each ¢, is independent of the jth coordinate x7, show that |1 ...¢nllp <
[Tj=1 @l for p=1/(n—1). (The L “norm” is sometimes used, and defined
by the usual formula, also when 0 < p < 1. Here || ||, is applied to a function
R" — R, while each [|¢;||1 stands for the L' norm of a function ¢; : R"™! —
R, with coordinates z* in R"~! such that k€ {1,...,n}\{j}.) (Hint below.)

5.

6.

7.

Hint. In Problem 1, find the maximum of A{*... A\j¥ —a1A; — ... — ap)y using
d/dAi, with Ag,..., A, and all a; fixed.

Hint. In Problem

Hint. In Problem

Hint. In Problem

Hint. In Problem
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65. Compact operators

Topics: Compact operators.

A linear operator A : V — W between real/complex normed vector spaces
V,W is called compact if the A-image of every bounded sequence in V' contains
a Cauchy subsequence. If W is complete, this is equivalent to requiring that the
A-image of every bounded subset of V' have a compact closure in W.

Every linear operator A : V — W with dim A(V) < oo is clearly compact.
This is, for instance, the case if dimV < co. Sums of compact operators V — W
are compact, and so are composites in which one operator is compact and the other
continuous.

Problems

1. Verify that, for normed vector spaces V, W, compact operators V' — W form a
closed vector subspace of the normed space L(V, W) (consisting of all continuous
linear operators V. — W with the operator norm), and compact operators
V — V form a two-sided ideal in the associative algebra L(V, V).

2. Verify that the identity operator V' — V in an inner-product space V is com-
pact if and only if dimV < oco.

5.

6.

7.

Hint. In Problem 1, find

66. The Rellich lemma

Topics: Smoothing operators; the Rellich lemma.

Let 7,¢ be real/complex vector bundles over compact manifolds M, N, and
let K be a C* section of the vector bundle Hom (7},n, 73 () over M x N, where
M MXN—= M, iy : M x N = N are the projections. (Thus, K assigns to
(z,y) € M x N a linear operator K(z,y) : 7, — (,.) Also, let N carry a fixed
positive C*° density v. The smoothing operator Si with the kernel K assigns to
every L' section v of ¢ the section Sk of n with

(Skib)(x) = /N Kz, )pv

for © € M. Note that on the right-hand side we integrate a vector-valued function
N — 1, given by y — K(z,y)b,. Clearly,

[Sktlloe < [IKlloll®llx

and, for every nonnegative integer r,
V"o S}c = SVTIC-

Thus, Sk maps L'(M, ) into C>°(M,n) and, for every integer r > 0, the operator
Sk : LY(M,¢) — C°°(M,n) is compact relative to the L' norm in the first space
and the C" norm in the second.

The simplest kind of smoothing operators over a compact manifold M are those
sending functions M — R to functions M — R. The kernel of such an operator
is just a C* function K : M x M — R. For instance, choosing a Riemannian
metric g on M, we obtain both a positive C*° density on M (namely, dg), and a
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special class of smoothing operators of this kind. Specifically, we fix a C'* function
¢ : [0,00) — R such that ¢ = 0 everywhere in [§2,00) for some real number
0 > 0 satisfying the injectivity-radius bound rin; > 6 on M, and then we set, for
integrable functions ¥ : M — R,

(@)(x) = /T (porf)woexp,) das.

r: T, M — R being the norm. Thus, on the right-hand side we integrate the func-
tion T,M — R given by v +— o(|v|?)1(exp,v) relative to the Lebesgue measure
of the Euclidean space T,M.

The following result is known as the Rellich lemma.

THEOREM 66.1. Let n be a vector bundle over a compact manifold M, and
let r be a positive integer. Then the inclusion operator LE(M,n) — LY_ (M,n)
is compact for each p € [0,00).

PROOF. We may assume that s = r 4 1, since the composite of a compact
operator and a continuous one is compact. Given L' functions f,¢ on R", for
n = dim M, of which one is valued in R and the other in a Euclidean space V, we
define their convolution f*p:R"™ — V by

(66.1) (@)@ = [ fa=hi)dy

so that fxo is integrable by Fubini’s theorem: [ [ |f(z—y)h(y)|dydz < | fll1]l¢]1-
Also, |1+ Plloe < [l ll@lh, and fxp= T,

If B C R" is a fixed open ball centered at 0, and 2B denotes the concentric
ball of twice the radius of B, while ¢ € C§°(B x R) (that is, ¢ is a C* function
R" — R with a compact support contained in B), then the formula A, f = ¢ * f
defines an operator A, : L'(B x V) — C§(2B x V) which is compact (relative to
the L' and C" norms).

In fact, by the dominated convergence theorem, ¢ x f is of class C", for every

r 20, and [|¢ * flloo,r < [l¢lloo,rl[fll1- (Note that 8;(¢* f) = (9;¢) * f.)

O

.. eigenfunctions of the Laplacian ...

67. The regularity theorem

Topics: The regularity theorem for operators with an injective symbol.

... the reqularity theorem for operators with injective symbol.

THEOREM 67.1. Let 1, be vector bundles over a manifold M, and let a

differential operator P : C§°(n) — C§°(C) of essential order k have an injective
symbol. If 1 € D(n) and Py € L2, .(¢) for some r € Z, then ) € L2 (n).

r,loc r+k,loc

PROOF. O

The Poincaré inequality
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68. Solvability criterion for elliptic equations
Topics: The regularity theorem for operators with an injective symbol.

THEOREM 68.1. Let n,( be vector bundles over a compact manifold M, and
let a differential operator P : C§°(n) — C§°(C) of essential order k have an
injective symbol. The image of P : Li(n) — L%*(() then coincides with the kernel
of the formal adjoint P*, that is, the space of those L? sections ¢ of ¢ for which
P*¢ =0 in the sense of distributions.

PROOF. O

69. The Hodge-de Rham decomposition theorem

Topics: The Hodge lemma; the theorem of Hodge and de Rham.

The following result is known as the Hodge-de Rham decomposition theorem.

THEOREM 69.1. Let (M,g) be an n-dimensional compact Riemannian mani-
fold. For any r € {0,1,...,n} we then have an L*-orthogonal decomposition

Z'™M = B'™M & H"(M,g),
which leads to an isomorphic identification H'™M ~ H"(M,g).

ProoF. The Hodge Laplacian dd * +d *d is a self-adjoint elliptic operator
sending the space of all differential r-forms on M into itself. Its image is therefore
the L2-orthogonal complement of its kernel H" (M, g). (See Theorem 68.1.)

O

As a consequence, we obtain the Poincaré duality formula:

COROLLARY 69.2. The Betti numbers b, of any compact orientable n-dimen-
stonal manifold M satisfy the relations b, = b,_, for r=0,1,...,n.

The next two consequences are due to Bochner:

COROLLARY 69.3. The first Betti number by (M) is zero for any compact man-
ifold M admitting a Riemannian metric with positive Ricci curvature.

COROLLARY 69.4. If a compact Riemannian manifold (M,g) has nonnegative
Ricci curvature, then every harmonic 1-form on (M,) is parallel.

A much more sweeping conclusion was obtained by Gallot and Meyer under a
similar assumption on the curvature operator rather than Ricci curvature:

COROLLARY 69.5. The Betti numbers b, with 0 < r < n are all zero for any
compact n-dimensional Riemannian manifold with positive curvature operator.

COROLLARY 69.6. If a compact Riemannian manifold (M,g) has nonnegative
curvature operator, then every harmonic form on (M,) is parallel.
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69. Affine spaces

An affine spaceis a triple (M, V,+) formed by a nonempty set M, a real vector
space V, and a mapping M x V 3 (z,v) — 2+ v € M such that:

a. (z+v)+w =2+ (v+ w) whenever x € M and v,w € V, the latter +
being the addition in V;

b. x4+ 0=2x for all x € M, where 0 stands for the zero vector of V; and

c. forany z,y € M there is a unique v € V' (denoted by y—x) with z4+v = y.

We then call V' the translation (vector) space of the affine space (briefly denoted by
M rather than (M,V,+)), while dim V' is called the dimension of M and denoted
by dim M. Elements of the set M are referred to as points, as opposed to vectors,
that is, elements of V.

Given affine spaces (M,V,+), (M',V',+), a mapping f: M — M’ is called
affine if there is a linear operator ¢ : W — W' (called the linear part of f), with
flx+v) = f(xr) +9(v) for all x € M and v € V. For instance, all constant
mappings f are affine (with ¢ = 0). An affine isomorphism is an affine mapping
which is one-to-one and onto. Examples of affine isomorphisms M — M are the
translations  — x +v with v € V.

A nonempty subset M’ of M is called an affine subspace of the given affine
space (M,V,+) if there is a (vector) subspace V' of V with z +v € M’ and
y—z €V’ whenever xz,y,z€ M, ve V'

Problems

12. For an affine subspace M’ of (M,V,+), with V' as above and + restricted to
M’ x V', show that (M’,V' +) is an affine space.

13. Prove that an affine mapping f uniquely determines its linear part 1, and
that f is an isomorphism if and only if v is. Conversely, if two affine mapings
M — M’ have the same linear part, then either of them equals the other followed
by a translation in M’.

14. Any vector space V may be thought of as the affine space (V,V,+). Prove that
every affine space is affinely isomorphic to its translation vector space.

15. Show that affine mappings between vector spaces are just linear operators fol-
lowed by translations.

16. Prove that affine subspaces of vector spaces coincide with cosets (i.e., translation
images) of vector subspaces.

17. Show that composites of affine mappings are affine, and images, as well as
nonempty preimages, of affine subspaces under affine mappings are affine sub-
spaces. (Note that, as a special case, the set of all solutions z to an equation
f(z) =y, where y is fixed and f: M — N is affine, is either empty, or an affine

191
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18.

19.
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subspace of M. In fact, one-point subsets of an affine space are 0-dimensional
affine subspaces.) Verify that the inverse mapping of an affine isomorphism is
an affine isomorphism.

Two affine subspaces of a given affine space (M,V,+) are called parallel if
they have the same translation vector space. Show that, for such a subspace
(M', V' +), the quotient set M /M’ of all affine subspaces of M which are par-
allel to M’ carries a natural structure of a vector space canonically isomorphic
to V/V'. On the other hand, for any fixed vector subspace V' of V, one can
form the affine quotient space M/V’' by declaring x,y € M congruent modulo
V' if x —y € V', Verify that in either case, the projection mapping of M onto
the quotient is affine.

Prove that any given affine space M can be canonically realized as an affine
subspace of a vector space V' with dimV’ = dim M + 1, where oo + 1 = oo.
(Hint below.)

Hint. In Problem 19, let V' be the dual space of the vector space W of all affine
functions (mappings) f : M — R, with the injective affine mapping M — V’
sending any x onto the functional f+— f(x).

oo

70. Orientation in real vector spaces

The set of all bases B(V') of a given real vector space V' with 0 <n=dimV <
(which is an open subset of the nth Cartesian power of V, cf. Problem 5) has

precisely two connected components, called the orientations of V. (Problem 10.)
Moreover, two bases of V' represent or determine (i.e., belong to) the same orien-
tation if and only if their transition determinant is positive (Problem 6).

Problems

5.

Given a real or complex vector space V with dimV =n < oo let B(V) be the
subset of the nth Cartesian power V" =V x ... x V cousisting of all (ordered)
bases of V. Show that, when V™ is treated as a vector space (the direct sum of
n copies of V), the set B(V') is open in V™ and B(V'), as an open submanifold
of V™ is C¥-diffeomorphic to the underlying manifold of the Lie group GL(V).
(Hint below.)

. Let V be areal vector space V with 1 < dimV < co. Call two (ordered) bases

of V' equivalent if the transition matrix between them has a positive determi-
nant. Verify that this actually is an equivalence relation and it has exactly two
equivalence classes. (These equivalence classes are called the orientations of V.)
Show that each connected component of B(V) (Problem 5) is contained in a
unique orientation of V.

Let V' be a real or complex vector space with 1 < dimV = n < oo, carrying a
fixed inner product (,) (that is, a positive-definite form which is bilinear and
symmetric or, respectively, sesquilinear and Hermitian). The orthonormalization

eq of a basis v, of V, a=1,...,n, is defined recursively by
€a:wa/|wo¢|7 Wq = Vo — Z<Uoueﬁ>eﬁ'
B<a

Show that the e, is the unique orthonormal basis of V' with

(70.1) Span (e1,...,eq) = Span (vi,...,04), a=1,...,n,
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(70.2) (eq,vqa) € (0,00), 1<a<n.

8. For V, (,) as in Problem 7 and any basis v, of V, prove that the basis v,
and its orthonormalization e, lie in the same connected component of B(V)
(notation of Problem 5). (Hint below.)

9. Given a finite-dimensional complex inner-product space V', show that any two
orthonormal bases of V' representing the same orientation can be joined by a
continuous curve in B(V') consisting of orthonormal bases. (Hint below.)

10. For a real vector space V with 1 < dimV < oo, verify that B(V) has exactly

two connected components, which coincide with the orientations of V. (Hint

below.)

Hint. In Problem 5, fix a basis (e1, ..., e,) of V and note that the n-fold Cartesian
product of the corresponding linear coordinate system in V' is a linear coordinate
system in V™ associating with each basis a transition matrix, which sends B(V)

onto the set of nxn matrices with det # 0. Finally, using a fixed basis (e1,...,e,)
of V, identify each A € GL(V) with (Aey,...,Ae,) € B(V).
Hint. In Problem 8, use the sequence ¢ = (e1,..., €k, Vkt1,---,Un), k=0,...,n,

of n+ 1 bases of V, Note that e¢g = (v1,...,v), ¢, = (e1,...,€n). Now, for
any k = 0,...,n — 1, formula [0,1] > t — ex(t) = (e1,...,ex, (1 — )vp1 +
tek+1,Vk+2,---,0n) defines a continuous curve in B(V) connecting e; with egy;.
The fact that each e (t) (and ey) is a basis follows since, from (70.1), the first k+1
vectors of ey (t) lie in Span (vi,...,vk41) and the (k+ 1)st vector is orthogonal
to e1,...,er and nonzero (as its inner product with ep41 is positive by (70.2)).
A continuous curve in B(V) connecting ¢y with e, can be written in the form
[0,n] 3 s+ e; with es = eg(t), where k = [s] is the integer part of s (the largest
integer not exceeding s), t = s — [s], and we set ¢,(0) = e,.

Hint. In Problem 9, denote by ¢¢ and e, = (e1,...,e,) two given orthonormal
bases of V, and make them a part of a sequence ¢;, £k = 0,...,n of n+1
orthonormal bases, such that each e¢; shares the first & vectors eq,..., e, with e,

and each ¢x_1, 1 < k < n, can be connected with e¢; by a continuous curve of
orthonormal bases. To achieve this, use induction on k, assuming that 1 <k <n
and eq,..., ¢, with the stated properties have already been constructed. Thus, ¢
has the form ey = (e1,...,€x, Vkt1y--.,Un).

First, suppose that k =n—1, so v, = ee, with e = +1 (by orthonormality).
If both original bases determine the same orientation, then so do the intermediate
stages including e,_; (Problem 6); thus, ¢ =1 and ¢, = ¢,_1 can be connected
with €0.

Now let k£ + 1 < n. Thus, we can choose a 2-dimensional subspace W of V
containing the vectors u = ey4; and v = vi41, and orthogonal to ey, ..., e;. Let us
now complete u to an orthonormal basis u,w of the plane W. Thus, v = pu+ qw
with scalars p, ¢ such that p>+¢? =1, and so p = cosf, ¢ =siné for some 6 > 0.
We can now define a continuous curve [0,6] 3 ¢ — A; of inner-product preserving
linear operatorsin V' by A,u = (cost)u—(sint)w, Ayw = (sint)u+(cost)w (so that
Ay (W) Cc W), and A; = Id on the orthogonal complement of W. Consequently,
Aier = er,...,Ase, = er. A continuous curve of orthonormal bases connecting
¢x to a basis of the form ex1 = (e1,..., €k, €kr1, *,..., x) now can be defined by
[0, 9] St (Atel, e Aver, Aggaa, - ,Atl}n).

Hint. In Problem 10, use Problems 5, 6, 8 and 9.
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71. Complex lines versus real planes
Topics:
72. Indefinite inner products

Topics: Orthogonal complements relative to symmetric bilinear forms; degenerate and nonde-
generate subspaces; the inequality for the dimension of the complement of a subspace; equality
when the form or the subspace is nondegenerate; timelike, spacelike, null vectors and subspaces;
orthogonal and orthonormal bases; Sylvester’s law of inertia; rank, nullity, positive and negative
indices, signature for symmetric (0,2) tensors; Euclidean, pseudo-Euclidean and Lorentz inner

products.

27.3.] Given a finite-dimensional real or complex vector space V' and a nonde-
generate symmetric bilinear form (,) on V, let us call a basis e, of V' orthonormal
if (eq,ep) =0 for a # S and (eq,eq) = €4 = £1 for each «. Show that, for any
two orthonormal bases e, and ey of V, the transition matrix [A%,], defined by
eqr = A% eq, satisfies

det[AS)] = 1.
(Hint below.)27.4.] Given a symmetric bilinear form (,) in a finite-dimensional real
or complex vector space V, verify that the following three conditions are equivalent:

a. {,) is nondegenerate (i.e., V+ = {0}),

b. det® # 0 for some (or any) basis v, of V, where & = [(vq,vg)] is called

the Gram matriz of the v,

c. V admits a (,)-orthonormal basis (as defined in Problem.3). (Hint below.)
Hint. In Problem.4, (a) is equivalent to (b) since (vq,vg)w? = (v,,w) for any
scalars w?, where w = wﬁv/g.

Hint. In Problem27.3, note that the matrices & = [(eq, eg)], &' = [(ea’, €5)] and
2A = [A2/] satisfy & = ATSA (ie., (ea,ep) = Ag,Ag, (éa,ep)), while det &’ =
det & = +1, so that (det2)? = 1.

Hint. In Problem27.4, (a) is equivalent to (b) since (v,,vg)w” = (va,w) for any
scalars w?, where w = ’LU’B’U/J).
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73. Banach’s fixed-point theorem

Topics: Metric spaces; convergence; Cauchy sequences; completeness; normed spaces; Banach

spaces; Banach’s contraction theorem; fixed point in a subset.

A metric space is a pair (X, d) consisting of a set X and a distance function
d: X x X —[0,00) such that d(z,2’) = d(«/,z), d(z,2”) < d(x,2’) + d(’,2")
for any z,2’,2"” € X, and d(z,2’) > 0 unless z = z’. A sequence z, € X, k =
1,2,... of points in X then is said to converge to a limit x € X if d(xg,z) — 0 as
j — 00, and it is called a Cauchy sequence) if d(xzk,z;) — 0 as j,k simultaneously
tend to oo. The metric space (X, d) is called complete if every Cauchy sequence
in (X, d) converges.

Any subset K C X of a metric space (X, d) forms a metric space (K, d)
with d restricted to K x K.

The open ball B,(r) C X (with the center z € X and the radius r > 0) in the
metric space (X, d) is defined by B,(r) = {z € X : d(x,2) < r}. Similarly, the
closed ball B,(r) C X is B.(r) ={z € X : d(z,2) <r}. Aset U C X is called
open if it is the union of some (possibly empty, or infinite) collection of open balls.
A neighborhood of a point z € X is any open set containing « ; as for manifolds, a
sequence T, k= 1,2,... of points in X converges to a limit = € X if and only
if each neighborhood of = contains the x; for all but finitely many k.

A norm in a real or complex vector space V is a function V' — [0, 0], usually
written as v — ||v|| (or v~ |v|, when dimV < o0), such that |v| > 0 if v # 0,
and [|v+w|| < o]+ |wll, [|Av] = |A]-]jv] for v,w € V and all scalars A. With a
fixed norm, V is called a normed vector space, and it naturally becomes a metric
space (V, d) with d(v,w) = ||[v —w||. A normed vector space is called a Banach
space if it is complete as a metric space.

The following result is known as Banach’s fized-point theorem.

THEOREM 73.1. Let Y C X be a subset of a metric space (X, d) such that
(Y, d) is complete and let h :' Y — X be a mapping with d(h(z),h(z’)) <
Cd(z,z") for all z,2’ €Y and some C with 0 < C < 1. If, moreover,

(a) there is z € Y with h*(z) € Y for all integers k > 0,
or
(b) B.(r) CY for some z€Y and r = (1 —C)~td(z, h(2)),
with B,(0) = 0, then there exists a unique x € Y with h(z) = z.
PROOF. Uniqueness of x is clear as C < 1. To establish its existence, set

2, = h¥(z) as long as it makes sense for a given z € Y and integers k& > 0. Then
d(zk, zk1+1) < C*d(2,h(2)) (induction on k > 0), and so, for integers | > 0 such
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that zpy; exists,

k+1—1 00 Clc
(73.1) d(zk, ze1) € Y d(ze2041) < | Y C*| d(z,h(2)) = — d(zh(2)).
s=k s=k

We may assume that h(z) # z. Then, for r as in (b), (73.1) yields d(zg,zr4+1) <
r; setting k = 0, we thus see that (b) implies (a). On the other hand, for z
as in (a), (73.1) shows that the z; form a Cauchy sequence, and we can take
= limg_ o0 2L. O

COROLLARY 73.2. Given a complete metric space (X, d) and h: X — X such
that d(h(z),h(z")) < Cd(z,z’') for all z,2' € X and some C with 0 < C < 1,
there exists a unique point x € X with h(x) = x.

Problems
1. Prove that
vl = llwll < flv—w|
for any norm || || in any vector space V and any vectors v,w € V.

2. Defining closed subsets of metric spaces as in the case of manifolds (Problem 5
in §1), verify that, both for manifolds and metric spaces, a subset is closed if
and only if it contains the limits of all sequences of its points that converge in
the ambient space.

3. A sequence zp € X, k= 1,2,... of points in a metric space (X, d) is called
bounded if it lies in a ball B,(r) with some center z € X and some radius
r > 0. Show that z then may be replaced by any other point 2’ € X, and that
every convergent sequence is Cauchy, while each Cauchy sequence is bounded.

4. Verify that any Cauchy sequence in a metric space that has a convergent subse-
quence, is itself convergent.

5. Defining compactness for subsets of metric spaces as in the case of manifolds
(§2), show that every compact metric space is complete.

6. Show that a subset of a metric space which is complete in the restricted distance
function must be closed, and that any closed subset of a complete metric space
is itself complete as a metric space.

7. Let | |z be the standard Euclidean norm in R™, with |v|3 = [v}]? + ...+ [v"]?
for v = (v!,...,9"). Show that | |g is actually a norm and, for any norm | |
in R", we have the estimate |v| < Clv|g for all v € R" and C > 0 with
C? =le1|*+...+enl?, €1,..., €, being the standard basis of R" with e} = 4.
(Hint below.)

8. Verify that any norm | | in R” is a continuous function R” — R, i.e., |vg| — |v]
as k — oo whenever vy — v in R™ (the latter being the componentwise
convergence). (Hint below.)

9. Show that any two norms | |, | | in a finite-dimensional real or complex vector
space are equivalent in the sense that |v| < Clv|" and |v|' < C'|v| for all v € V,
with suitable constants C,C’ > 0. (Hint below.)

10. A finite-dimensional real vector space V constitutes both a metric space (with
any fixed norm | |), and a manifold (§1). Show that the resulting classes of
open/closed subsets of V', and the notions of convergence and limit for sequences
in V coincide for all these structures and, in particular, do not depend on the
choice of the norm. (Hint below.)
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Hint. In Problem 18, use the Schwarz inequality: |v| = |[vie;| < |vf|le;| < C|v|g.

Hint. In Problem 19, note that vy — v implies |vy —v|g — 0, so that we have
[log| = [v|| < |vg —v| = 0 in view of Problems 10 and 17.

Hint. In Problem 20, identify V' with R™ and let one of the norms be | |g. Then
the other norm has a maximum and a positive minimum on the unit sphere S™~!
(Problems 5, 6, 19 in §3).

Hint. In Problem 21, use Problem 20.

74. The inverse mapping theorem

Topics: The operator norm in finite dimensions; Newton’s method for approximating a solution
X to Yy = F(x) by the sequence ¥, = hn(l'o) with h(x) =x + dF;l[y — F(x)], use of
dFy instead of dF} ; the inverse mapping theorem; the implicit mapping theorem.

Let V,W be finite-dimensional real or complex vector spaces carrying fixed
norms (both denoted by | |). Any linear operator T : V — W is bounded in the
sense that |Tw| < Clv| for some constant C' > 0 and all v € V' (Problem 11).
The smallest constant C' with this property is called the operator norm of T
and denoted by |T|. If, moreover, U C V is an open set, h : U — V is a
C' mapping and x,z are points in U such that U contains the whole segment
Tz ={z+t(x—2):0<t<1} connecting z to z, then we have the estimate (see
Problem 19)

(74.1) |h(z) — h(2)] < |z — 2| - sup |dh|

uETZ
involving the operator norm of dh, : V — W, the supremum (which, in fact,
is a maximum) being finite since Tz is compact and the function u — |dh,| is
continuous.

LEMMA 74.1. Let U, U’ be open sets in finite-dimensional vector spaces V, W,
respectively, and let a C' mapping F : U — U’ with 1 <1 < min(r,c0) be one-to-
one and onto, and such that, for each x© € U, the differential dF, : V — W is a
linear isomorphism. Then the inverse mapping F~1 :U" — U is also C'-differen-
tiable.

PrOOF. Fix norms in V,W (both denoted by |[). For any fixed z € V,
differentiability of F' at z means that

a(z, 2)

(74.2) F(x)— F(z) =dF.(x — z) + a(z, 2), —0 asxz—z.

|z — 2|

Since |dF,(z — z)| > 2C|z — z| for some constant C' > 0 (Problem 13), choosing
e >0 with |a(z, 2)| < Clz—z| for all © € U with |z — 2| < €, we obtain, for such
x, |[F(z) = F(2)| > |dF.(z — 2)| — |a(x, 2)| in view of (74.2) and Problem 10 in §5,
ie., |F(xz)— F(z)] > Clz — 2| for all x sufficiently close to any fixed z € U and a
suitable C' > 0, depending on 2. (Thus, F~! is continuous.) Applying (dF,)~?
to both sides of (74.2) and writing ( = F(z), £ = F(z), we obtain

(74.3) FHE - F7HQ) = (dF.) M= O+ B(E,€Q)

with B(¢,¢) = —(dF,)*a(z,z). Thus, F~! is differentiable at ¢ and d(F~!); =
(dF.)~" since [€ — ¢|7HB(E, Q) < C7Ha — 2| 7HB(E, Q)| = CTY(dE) ™ (| —
z7 a(x, 2))] — 0 as & — (, due to the estimate [£ — (| > Clz — 2|. Induc-
tion on s now shows that the mapping ¢ — d(F™1); = (dFp-1())~" is C571
differentiable for each s =1,...,l. This completes the proof. O
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The following fundamental result is known as the inverse mapping theorem.

THEOREM 74.2. Let F : M — N be a C' mapping between C° manifolds,
1 <1 <s<oo,andlet z € M. If the differential dF, : T,M — Tp N is a linear
isomorphism, then, for a suitable neighborhood U of z in M, the image F(U) is
an open subset of N and F :U — F(U) is a C' diffeomorphism.

PRrOOF. Using local coordinates, we may assume that M, N are open subsets
of finite-dimensional real vector spaces V, W endowed with some fixed norms, both
denoted by | |. For any fixed y € W, define the C! mapping h : M — V by
h(z) = x + (dF,)"Y(y — F(z)). As dh, = 1d — (dF.)"'dF,, we have dh, = 0
and hence there is a closed ball B,(g) centered at z, of some radius ¢ > 0,
with the operator-norm inequality |dh,| < 1/2 for all 2 € B,(g). On the other
hand, d(z,h(2)) = |z — h(2)| < |(dF,)7 Y]y — F(z)| and so, whenever y € U’ =
Br()(¢') with 2¢’|(dF.)~!| < e, the assumptions of Banach’s fixed-point theorem
(84, appendix) will be satisfied, according to (74.1), by X = V, Y = B,(e),
C =1/2, our h (depending on y), and r = ¢ in assumption (b). The existence
of a unique x € Y with h(x) = z, i.e., y = F(x), then means that F : U — U’
is one-to-one and onto, where U = Y N F~}(U’), and the assertion follows from

Lemma 74.1. O
Problems
11. Prove boundedness for linear operators between finite-dimensional normed vec-
tor spaces.

12. Let V, W be finite-dimensional normed vector spaces (with both norms denoted
by | |). Show that the operator norm of any linear operator T : V. — W is
given by

(74.4) |T| =sup{|Tv|:v eV, |v|=1} =sup{|Tv| :v €V, |Jv] <1}

(the supremum of an empty set of nonnnegative real numbers being 0 by defi-
nition). Can sup be replaced by max?

13. Show that, if a linear operator T : V — W between normed vector spaces
V,W is injective and dimV < oo, then there exists a constant C' > 0 with
|Tv| > Clv| for all veV.

14. For finite-dimensional normed vector spaces Vi, Vs, V3 and linear operators T :
Vi — Va, S: Vo — Vs, verify the operator-norm inequality [ST| < |S|-|T.

15. (Riemann integral for vector-valued functions.) Let 7 : [a,b] — V be a con-
tinuous curve in a finite-dimensional real vector space V, prove that there is
a unique vector v € V with {(v) = f; E(y(t))dt for all £ € V*. (One writes
v = fab ~(t)dt and calls v the Riemann integral of ~.) Verify that the integra-
tion acts componentwise, i.e., for any basis e; of V/, fab ~y(t) dt = Uab (1) dt] ej,

where (&) =+ (t)e;.

16. For v as in Problem 15, show that 4 has a C' antiderivative I : [a,b] — V
with T'(t) = () for all ¢, and for any such T, f;'y(t) dt =T'(b) —T'(a).

17. Riemann-sum approximations. Given v asin Problem 15 and any partition P =
{to, ... ,tm} of [a,b], with a =ty < ... <t, =0, and any selection of numbers
th € [tj—1,t5], set 6(P) = max{t; —t;_1:1<j<m}, j=1,...,m, and define
the corresponding Riemann sum by the familiar formula > 70, y(#})(t; —tj-1).
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Verify that, for any sequence of partitions Pj and selections such that 6(Py) —

0 as k — oo, the resulting sequence of Riemann sums converges to fab ~(t) dt.
18. Given a continuous curve 7 : [a,b] — V in a finite-dimensional real vector space
V' with a fixed norm | |, prove the following estimate: (Hint below.)

[0d < [nora.

19. Prove the estimate (74.1). (Hint below.)

20. The implicit mapping theorem. Suppose that M, N, P are C® manifolds, ® :

M x N — P is a C!' mapping, 1 < [ < min(s,00), and 29 € M, yo € N,
20 € P are points such that ®(zp,y0) = 20 and the differential of the mapping
N>y ®(zg,y) € P at y = yo is a linear isomorphism T, N — T P. Prove
that z,yo have neighborhoods U,U’ in M, N, respectively, such that

(a) For each z € U there is a unique y = y(z) € U’ with ®(z,y(z)) = 2.

(b) The mapping U > z — y(z) € U’ in (a) is C! differentiable. (Hint below.)
21. Show that, in the definition of a Lie group of class C*®, s > 1 (§4), the require-
ment that the group multiplication and the inverse be both of class C*® may be
replaced by C? regularity of the multiplication alone. (Hint below.)

Hint. In Problem 18, use a Riemann-sum approximation (Problem 17).
Hint. In Problem 19, note that

(74.5)  h(z) —h(z) = /01 %h(z +it(r—2))dt = {/01 dh 4 4(z—2) dt] (x—2).

Hint. In Problem 20, apply the inverse mapping theorem (Theorem 74.2) to F :
M x N — M x P given by F(x,y) = (x, ®(z,y)).
Hint. In Problem 21, define the mapping a — a~
theorem.

I via the implicit mapping

75. The Stone-Weierstrass theorem

By ‘a compact set’ we mean here either a compact subset of a manifold, or a
compact metric space; for readers familiar with general topology, it may also be
interpreted as a compact (Hausdorff) topological space. For a subset X of a mani-
fold M, open sets in X and neighborhoods of points in X are to be understood as
relatively open (intersections of open subsets of M with X). One trivially verifies
that, if X is compact, every open covering of X still has a finite subcovering (cf.
Theorem 14.2), while closed subsets of X are themselves compact, and continuous
preimages of open/closed sets are also open/closed.

The following fundamental result is known as the Stone-Weierstrass theorem.
Here C(X) is the algebra of all continuous functions X — R, and we say that a
set ¥ C C(X) separates the points of X if, for any z,y € X with = # y, there

exists f € Y with f(x) # f(y).

THEOREM 75.1. Let X be a compact set and let ) be any subalgebra of C(X)
which contains all constant functions and separates the points of X. Then Y is
uniformly dense in C(X).

PRrROOF. It suffices to show that the only closed subalgebra Z of C(X) which
contains all constants and separates the points of X is C(X) itself; our assertion
will follow if we apply this to to Z defined to be the closure of ) relative to the
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supremum norm, that is, the set of all uniform limits of sequences in ). (Note that
the closure of a subalgebra is also a subalgebra.)

First, f'/2 € Z whenever f € Z and f > 0 everywhere in X. In fact,
multiplying f by a constant factor we may assume that 0 < f <2 andso f=1+h
with h € Z and |h| < 1. Therefore, as X is compact, |h| <r for some r € (0,1).
Since the Taylor series . a;t? of the function (—1,1) 3¢~ (1+¢)'/2 converges
uniformly on compact subintervals of (—1,1), such as (—r,r), it now follows that
f1/2 is the uniform limit of the partial sums of the series fj, = Zo<j<k ajh?, while
fr € Z. Thus, f1/? e Z.

Secondly, |f| € Z whenever f € Z. In fact, |f| is the limit of (f2+ £)'/2 as
€ — 07 and the convergence is uniform, since, for € > 0,

2 1/2 € 1/2
0 < (f*+e) |f‘§(f2+5)1/2+\f|§8 )

As 2max(s,t) =s+t+|s—t| and 2min(s,t) =s+t—|s—t| for s,¢t € R, this
also shows that max(f,h) and min(f,h) are in Z whenever f and h are.

Next, given z,y € X with z # y, there exists h € ) such that 0 < h < 1,
while A = 0 on some neighborhood of z and h = 1 on some neighborhood of
y. In fact, choosing f € Y with f(x) # f(y) and setting ¢ = af + 8 for
suitable «,5 € R we get p(z) < 0 and ¢(y) > 1, so that we can define h by
h = max (0, min(h, 1)).

Similarly, given a closed set K C X and x € X\ K, there exists f € J such
that 0 < f < 1, while f = 0 on some neighborhood of z and f =1 on some
open set containing K. Namely, choosing h = h, as above for this fixed = and
any given y € K, so that h, = 1 on a neighborhood U, of y, and noting that
a finite family Uy(yy,..., Uy will cover K due to its compactness, we may set
f = max(hy(l), ceey hy(l))

Furthermore, for any two disjoint closed sets K, K’ C X and any p,q € R
with p < ¢ there exists h € Y such that min(p,q) < h < max(p,q), while h =p
on some open set containing K and h = ¢ on some open set containing K’. In
fact, we may set p =1 and ¢ = 0 (since the general case then is easily obtained
if one replaces h by a suitable linear function of h); a compactness argument just
like above then is straightforward.

Finally, given f € C(X), let us set V(f) = max(f) — min(f). We will now
show that, for any f € C(X), there exists h € Z with 5V(f — h) < 2V(f).
This will imply our assertion since, if we repeat the step of replacing f by f—h
a sufficient number of times, each time multiplying the value of V by a factor
of 2/5 or less, we eventually get V(f — h') < e for any prescribed ¢ > 0 and
some h' € Z (which means that f — h’ is uniformly closer than the distance
g/2 from some constant). To show that such h € Z exists, we may assume that
V(f) # 0, for otherwise f is constant and we may choose h = 0. Let a = min(f),
b= max(f) and ¢ = (b—a)/5, so that V(f) = 5¢ > 0, and let h € Z be chosen
as in the last paragraph for p = a+¢, ¢ = a+4c, K = f~([a,a + 2¢]) and
K' = f~Y([a + 3¢,b]). Thus, on K we have h = a+c and a < f < a + 2¢,
so that |f — h| < ¢. Similarly, |f — k] < ¢ on K. On X\ (K U K'), however,
a+c<h<a+4c and a+2¢ < f <a+3c,and so |f—h| < 2¢. Hence |f = h| < 2¢
on X, which completes the proof. O
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COROLLARY 75.2. Let K be a compact subset of a C* manifold M, with s =
1,2,...,00. Every continuous mapping f: K — V, valued in a finite-dimensional
normed real vector space V', then is the limit of a uniformly convergent sequence of
mappings K — V which are restrictions to K of C°® mappings M — V.

In fact, in the case where V = R this follows since the restrictions to K of
C* functions on M form a subalgebra ) of C(K) satisfying the assumptions of
Theorem 75.1 with X = K. (That ) separates the points of K is clear in view
of Problem 19 in §6.) The general case is now also immediate, as |f| < |f*]|eq]
whenever a function f: K — V is expanded into a combination f = f%e, for any
fixed basis e, of V.

76. Sard’s theorem

A point x € M is called critical for a C' mapping F : M — N between
manifolds, if dF, : To M — Tr)N is not surjective.

Sard’s Theorem. If F : M — N is a C' mapping between manifolds of
the same dimension, then the F-image of the set of all critical points of F is of
measure zero in N.

Problems
1. Given a (bilinear, symmetric, positive-definite) inner product (,) in a real vector
space V and x,y € V, prove the Schwarz inequality

(76.1) z, y)| < =]yl

along with the conclusion about the equality case, without invoking the standard
discriminant argument. Here || is, as usual, the norm in V' corresponding to
< s > (Hint below.)

2. Establish (76.1) for a (sesquilinear, Hermitian, positive-definite) inner product
(,) in a complex vector space V and z,y € V. (Hint below.)

3. Prove (76.1) for vectors z,y in a real (or, complex) vector space and a scalar-
valued form (,) which is bilinear symmetric (or, respectively, sesquilinear Her-
mitian) and positive semidefinite. (Hint below.)

4. For (,) as in Problem 3, verify that a vector x which is null (in the sense of
having (z,z) = 0) is necessarily (,)-orthogonal to the whole space.

Hint. In Problem 1, |z|*|y|?> — (x,9)?|x|? is nonnegative, as it equals |z|? for

z = |z|?y — (z,y)z, and so (76.1) follows, since we may assume that x # 0.

Hint. In Problem 2, use Problem 1 for rm Re ().
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Appendix C. Ordinary Differential Equations

78. Existence and uniqueness of solutions

Topics: Continuous, bounded and Lipschitz mappings between metric spaces; spaces of map-
pings with the uniform distance; ordinary differential equations; reduction of order to 1; existence

and uniqueness of solutions; autonomous equations.

A mapping f: K — X from a set K into a metric space (X, d) is said to be
bounded if its image f(K) is a bounded subset of (X, d) in the sense that it lies
in a ball B,(r) with some center z € X and some radius r > 0. Let us denote by
X = B(K, X) the set of all bounded mappings f: K — X and define the uniform
distance function dgup : X x X — [0,00) by dsup(f, f') = sup{d(f(z), f'(z)) :
xz € K}. Endowed with dg,p), the set X' becomes a metric space (Problem 1); the
convergence in (X, dgyp) is called the uniform convergence of bounded mappings
K — X.

In the case where (X, d) is the underlying metric space of a normed vector
space (X, ||) (see §1, Appendix), and K is any set, it is clear that (X, dsyp) =
(B(K,X), dgyp) is the underlying metric space of the normed vector space (X, || ||sup)
with the valuewise operations on X-valued functions f on K and the supremum
norm || flloup = sup {| ()] : 2 € K}.

If, moreover, K happens to be a manifold or a metric space, the set X =
B(K, X) contains the subset Cg(K, X) formed by all bounded mappings K — X
which are also continuous. (In both cases, a mapping f : K — N is said to
be continuous if f(xp) — f(x) in X as k — oo whenever ap, k = 1,2,...,
is a sequence of points in K that converges to a point = € K.) When K is
compact, we write C(K, X) rather than Cp(K, X), deleting the subscript ‘B’ as
boundedness then follows from continuity (Problem 13 in §2). With the restriction
of the distance function dgyup, the set Cp(K, X) constitutes a metric space which
is complete whenever so is (X, d) (Problems 2, 3 below and 15 in §5).

We say that a mapping f : K — X between metric spaces (with both distances
denoted by d) satisfies the Lipschitz condition if there exists a constant C' > 0
such that d(F(z), F(y)) < Cd(z,y) for all z,y € K. For instance, Problem 12 in
85 states that any norm satisfies the Lipschitz condition with C' = 1. Note that
the Lipschitz condition implies continuity.

Let us now consider an open subset U of a finite-dimensional real vector space
V. By an ordinary differential equation of order £k > 1 in U we mean a mapping
F:IxUxV* ! 5V, where I C R isan open interval and V¥~ =V x ... xV is
the (k —1)st Cartesian power of V. A Ck-differentiable curve v : I’ — V defined
on a subinterval I’ of I (open or not) is called a solution to the equation if

(78.1) v® =F(t,7,4,...,7%")

203
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in the sense that %) (t) = F(t,y(t),¥(t),...,v*~D(t)) forall ¢t € I', where y*) =

d¥~y/dt*. Such a solution is said to satisfy the initial condition (to,zo,v1,--.,Vk_1)
if (to,xo,vl, AN 7'Uk—1) el xUx ‘/k_1 and
(78.2) Y(to) = x0, J(to) =v1,..., Y D(to) = vk .

The mapping F' is usually referred to as the right-hand side of the equation (rather
than being called the equation itself). Together, (78.1) and (78.2) are said to
form a kth order initial value problem. An initial value problem (78.1), (78.2) of
any order k > 1 can always be reduced to a first-order problem x = ®(t,x),
x(to) = 2o in the open set U x VF~1 of the higher-dimensional space V¥, by
setting x(t) = (y(),5(t),...,y* V() € U x VF=1 ®(t,z,wy,...,wp_1) =
(Wi, wp—1, F(t, w1, ... ywi—1)) for (t,x,wi,...,wi_1) € I x U x VF~1 and
20 = (xo,v1,-..,Vk—1). The theorem proved below for k = 1 can therefore be
easily extended to initial value problems of any order k (Problem 7).
We have the following existence and uniqueness theorem.

THEOREM 78.1. Let I C R be an open interval, and let U be an open subset
of a finite-dimensional real vector space V. If F: I x U — V is continuous and
satisfies the Lipschitz condition in x € U wuniformly in t € I, i.e., |F(t,a’) —
F(t,x)| < Cla’ — x| for some fized norm || in V, some constant C > 0, and all
tel, z,a’ € U, then, for any initial condition (to,x¢) € I xU there is € > 0 such
that the equation & = F(t,y) has a unique C* solution ~y : [to — ,to + ¢] = U
with y(tg) = xo-

REMARK 78.2. The condition imposed on ¢ is
(78.3) ese < (1 —-Ce)d,

with C, || as above, s, = sup{|F(t,zo)| : |t —to] < e} and 6 = inf{|y — o] :
y € VAU} € (0,00] equal to the distance between x and the complement (or
boundary) of U, where r = oo if U =V. Since s. — |F(to,zo)| as € — 0, (78.3)
holds for all sufficiently small ¢ > 0.

PROOF. For v : [tg—€,to+¢] — U, the requirement that v be C' and satisfy
4 = F(t,v) and 7(to) = zo, is equivalent to continuity of ~ along with

t
(78.4) WO =20+ [ F(ra(r)ar
to

for all t € [tp —&,to+ €]. Let X. be the Banach metric space C([tg—e,t0+¢],V)
with the supremum norm || |[sup defined above using the norm || in V. The
mapping he : K. — X, from the subset K. = C([to—¢,to+¢],U) of X, into X,
given by [he(7)](t) = w0 + [}, F(r,7(r))dr then satisfies [|h-(7) — he()|lsup <
CellY" — Y|lsup, as the length of the integration interval is [t — to] < ¢ and C
is a Lipschitz constant for F. Denoting by z the constant curve zy € K. and
setting 7. = (1 — Ce) 7|z — he(2)||sup, we obtain r. < (1 — Ce)"tes.. Thus, for
€ chosen as in (78.3), r. < § and hence the ball B,(r.) in X. is contained in
K.. The assumptions of Banach’s fixed-point theorem (§73) thus will be satisfied
if we replace X, d,K,h,C,z,r in the statement of that theorem by X., dgup,
Ke, he, Ce, z = xg, and, respectively, 7, for any ¢ with (78.3). The resulting
existence and uniqueness of v € K. with h.(y) = 7, i.e., (78.4), now proves our
assertion. O
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Problems

1.

Given a set K and a metric space (X, d), show that the distance function
deyp in X = B(K,X) is well-defined (i.e., the supremum is always finite), and
(X, dsup) iIs a metric space.

. Prove that (X, dsup) in Problem 1 is complete as a metric space whenever so

is (X, d).

. Show that, if K is a metric space or a manifold, and (X, d) is a metric space,

then Cp(K,X) is a closed subset of B(K,X), i.e., taking uniform limits pre-
serves continuity.

Given real numbers a,b,c with a <0 < b and ¢ > 1, verify that v: R - R
given by v(t) = —|t —al®if t < a, v(t) =0 if a <t, and () = |t — b|° if
t > b is a C' solution to the equation 4 = ¢|y|'~'/¢. Explain why this is not a
counterexample to the existence and uniqueness theorem for ordinary differential
equations.

. Let V,W be finite-dimensional real vector spaces with fixed norms (both de-

noted by | |), and let U be an open subset of V. We say that a mapping
F :U — W is locally Lipschitz if, for each = € U there exists a neighborhood
U, of z in U and a constant C > 0 satisfying |F(z') — F(2")| < Cla’ —z"| for
all 2/,2" € U,. Show that every C' mapping is locally Lipschitz. (Hint below.)

. Verify that the above existence and uniqueness theorem for any (¢, o) € I xU

(with a suitable & > 0 depending on t; and z() remains valid under the weaker
assumption that the continuous mapping F : I x U — V is locally Lipschitz in
x € U, locally uniformly in t € I, which means that, with some fixed norm | |
in V, for each (tg,z9) € I x U there exist neighborhoods I’ of ¢, in I and
U’ of zg in U and a constant C > 0 satisfying |F(¢,2') — F(t,z)| < Clz' — x|
for all t € I, z,2’ € U’. Prove that uniqueness then holds in every interval on
which a C! solution can be defined. (Hint below.)

Extend the above existence and uniqueness theorem in the “locally Lipschitz”
version as in Problem 6 (including the “global uniqueness” statement) to initial
value problems (78.1), (78.2) of any order k > 1.

. Those equations of type (78.1) for which the right-hand side F' does not depend

explicitly on t € I, i.e.,

(78.5) Y& = F(y,4,...,7%1)

with F : U x VF=1 — V (where U is a fixed open subset of a finite-dimen-
sional real vector space V), are called autonomous kth order equations. Show
that every kth order equation (78.1) is equivalent to an autonomous first-order
equation y = ®(x) in a suitable (possibly higher-dimensional) space. Verify
that a solution < to any autonomous equation, and any constant c, lead to a
solution given by t + ~(t + ¢) on a suitable interval. (Hint below.)

. Verify that a solution = to the autonomous first-order initial value problem

4 = F(v), 7(to) = zo in an open interval U C R, where F : U — R is

continuous, xg € U and ty € R, can be defined by

(a) v(t) = xo for all t € R if F(xg)=0.

(b) v(t) = ¥t — tg) for all t € ¥((a,b)), where (a,b), —0co < a < b < oo,
is the largest subinterval of U containing zy with F # 0 everywhere in
(a,b) and ¥ : (a,b) — R is the (strictly monotone) antiderivative of 1/F
with \I/(ajo) =0 (lf F(ajo) 7é 0) (Hint beloW.)
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10. Let v: I — R be the solution to the initial value problem 4 = F'(v), v(to) = o,
where U C R is an open interval, F' : U — R is locally Lipschitz, xoy € U,
to € R, and [ is the largest interval in R containing ¢y on which such a solution
v exists. Prove that the length |I| of I is |I| = oo if F(zg) =0, and is given

by
/” dzx
o Flz)
if F(zg) # 0, where co < a < b < oo are the endpoints of the largest subinterval
(a,b) of U containing xy with F # 0 everywhere in (a,b). (Hint below.)

11. Let v be a solution to the autonomous order equation (78.5). Verify that, for
any real number ¢, the assignment t — (¢t + ¢) defines a solution to (78.5).

Hint. In Problem 5, use estimate (74.1) and Problem 1 in §2.

Hint. In Problem 6, uniqueness follows from a continuity argument: Given two
C! solutions 7,7 : (a,b) — U, set t; = sup{t € [to,b) : v = v on [ty, 1)}, so
t1 < b < oo must be equal to b, or else 7,7 would coincide in [t1,t; 4+ €) for
some £ > 0 due to the local uniqueness of solutions with the initial condition
(t1,y(t1)) = (t1,7'(t1)).

Hint. In Problem 8, set x(t) = (t,(t),%(t),...,v* =D (¢t)).

Hint. In Problem 9(b), §(t) = 1/V/(U~L(t —to)) = F(¥1(t —t9)) = F(y(t)).
Hint. In Problem 10, suppose that v is different from a constant solution, i.e, xg;
thus, 4 # 0 everywhere in I. (Otherwise, with #(t;) = 0 at some ¢ € I, the
equation would yield F(v(¢1)) =0 and so v would be the constant solution ~(¢;)
due to the uniqueness statement of Problem 6 for the initial condition (¢1,(1)).)
Therefore F(vy(t)) # 0 for all ¢t € I and so « is a strictly monotone function on I
valued in the interval (a,b) with a,b defined as in part (b) of Problem 9. Thus, v
has (one-sided) limits at the endpoints of I and the limit at each finite endpoint ¢
of I must itself be infinite, or else it would provide an initial condition that would
allow us to extend v beyond c. We only need to show that I = ¥((a,b)) with ¥
as (b) of Problem 9. According to Problem 9, ¥((a,b)) C I. Since ¥ is strictly
monotone on (a,b), its image ¥((a,b)) is (¢,d) or (d,c), where ¢,d € [—o00, 0]
are the limits of ¥ at a,b. If we had (¢,d) # I, for instance ¢ € I, then both ¢
and the limit (c) of v at ¢ would be finite, contradicting the previous conclusion.

‘I|: 6(0’00]7

79. Global solutions to linear differential equations

Topics: Uniform estimates for differential inequalities; global existence of solutions for linear

ordinary differential equations.

Given an interval I C R containing more than one point and otherwise arbi-
trary (so that I may be open, closed, or half-open, bounded or unbounded), and
a nonnegative continuous function h: I — [0, 00), we set

b
(79.1) / h(t)dt = sup / h(t)dt € 0,00 .
I a,bel Ja
Note that [, h(t)dt equals the limit of f: h(t)dt as a — inf I(+) and, simultane-
ously, b — sup I(—). (The limit always exists for reasons of monotonicity.)
The following results concerning differential inequalities will later be applied to
linear ordinary differential equations and the local regularity theorem.
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LEMMA 79.1. Suppose that I C R is an interval, h: I — [0,00) is a continu-
ous function, and v:I =V isa C! mappmg of I into a finite-dimensional real
vector space V' with an inner product (,). Furthermore, assume that

(79.2) C - / Pt < oo,
and let
(79.3) 7] < hlvl
everywhere in I, || being the norm in V determined by (,). Then
(79.4) sup | < e inf |y
I

REMARK 79.2. From (79.3) it is clear that, whenever ~,h,I,V,(,) satisfy the
hypotheses of the lemma, then either v = 0 identically, or v # 0 everywhere in [.
This fact, however, will have to be established separately in the course the following
proof.

PrROOF. We may assume that  is not identically zero. By the Schwarz in-
equality and (79.3), ¢ = (v,7) : I — [0,00) satisfies |p] = 2|(7,5)| < 2he. Thus,
if a,b € I and v # 0 everywhere in the closed interval ab connecting a and b,
we have

(79.5) (®)] < [7(a)] - exp [ / 0 dt}

ab

as 2log|y(b)| — 2log |y(a)| = log p(b) — log v(a f e todt < 2f h(t) dt. Con-
sequently, v # 0 everywhere in I. In fact, otherw1se we could select a maximal

open subinterval I’ of I with v #0 everywhere in I', so that v(c) = 0 for at least
one endpoint ¢ € I of I'; fixing b € I' and letting a € I’ vary, we would obtain
the contradiction 0 < |y(b)| < 0 by taking the limit of (79.5) as @ — ¢ and noting
that [ h(t)dt < co. Therefore, by (79.5), |y(b)| < e“|y(a)| for all a,b € I, with

C asin (79.4), and we can take the supremum over b and infimum over a. O

COROLLARY 79.3. Let ~,h,I,V,(,) satisfy the hypotheses of Lemma 79.1.
Then v has a limit at each finite endpoint of I, while the endpoint itself does not
have to belong to I.

PROOF. By (79.3), (79.4) we have [, |¥(t)|dt < Ce® 1r11f |v], and so we can
use Problem 2. O
Let U now be an open subset of a finite-dimensional real vector space V, and let

I C R be an open interval. A kth order ordinary differential equation (78.1) in
U,ie.,

’y(k:) = F(t7 PY? ’.Y’ A ”y(kil)) )
is called linear if its right-hand side

F:IxUxV-I v
has the form

F(t,x,wl, N ,wk_l) = Bo(t)x + Bl(t)wl + ...+ Bk_l(t)wk_l
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with some coefficient functions (curves) By, By, ..., Br_1 : I = Hom(V, V) valued
in the vector space of all linear operators V' — V. In other words, a linear kth
order equation reads

(79.6) Y = Bo(t)y + Bi(t)y + ...+ Bra(t)y*

Note that, due to linearity of the By(t), B1(t),..., Bx—1(t), we may always assume
that U =V.

A linear equation (79.6) of any order k£ > 1 can always be reduced to a first-
order linear equation x = A(t)x in a higher-dimensional space, with the coefficient
curve t +— A(t) of the same regularity as the original By, B, ..., By_1 (Problem 6).

PROPOSITION 79.4. Suppose that V is a finite-dimensional real vector space
and I C R is an open interval. If F': I xV — V is continuous and locally
Lipschitz in x € U, locally uniformly in t € I (Problem 6 in Appendix I above),
and satisfies the inequality

(79.7) [F(t, )| < h(t)|z]

for all (t,x) € I x V, where h: I — [0,00) is a continuous function and || is a
fized norm in V', then for any (to,xo) € I X V' the initial value problem

(79.8) Y=F(t,7), (o) =10
has a unique solution v : I —V defined everywhere in I.

PROOF. We may assume that | | is the norm determined by an inner product
(,) in V (Problem 18 in §5). Let ~y : (a,b) — V be the (unique) solution to (79.8)
defined on the largest possible interval (a,b) C I with ¢y € (a,b) (Problem 5). To
show that (a,b) = I, suppose on the contrary that, for instance, b € I. Applying
Corollary 79.3 to [to, b] instead of I, we see that v(¢) has a limit yo as t — b(—),
and so from the existence theorem (see, e.g., Problem 6 in the preceding appendix),
thereis € > 0 with b+e € I anda C! curve v : [b,b+¢) — V with 41 = F(¢,71)
and 71(b) = yo. Combining v with 7, as in Problem 1, we obtain a C! solution
to (79.8) defined on (a,b + €), which contradicts maximality of (a,b) and thus
completes the proof. O

We can now prove a global existence theorem for linear ordinary differential equa-
tions

THEOREM 79.5. FEvery linear initial value problem
v B = By(t)y + Bi(t)y + ... + Br_1(t)y*FV |

(79.9) _
fY(tO) = Zo, ’Y(to) =V1, ..., ’Y(k_l) (t()) = Vk—1

of order k > 1 in a finite-dimensional real vector space V, with continuous co-
efficient functions By, Bi,..., Bx—1 : I — Hom(V,V), where I C R is an open
interval, has a unique solution v : I — V defined on the whole interval I.

PrOOF. Fix a norm || in V. We may assume that k¥ = 1 (Problem 6), so
that (79.9) becomes 4 = B(t)y with ~(tg) = x¢. Thus, (79.7) is satisfied by
F(t,z) = B(t)x and h(t) = |B(t)| (the operator norm; see Appendix II above),
and h : I — [0,00) is continuous according to Problem 18 or Problem 20 in §5).
The assertion is now immediate from Proposition 79.4. O
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Problems
1. Let a,tp,b be real numbers with a < ty < b and let v; : (a,to] = U, 72 :
[to,b) — U, be C* solutions to the first-order initial value problem

(7910) 7= F(tv’y) ) V(tO) = 2o

in an open subset U of a finite-dimensional real vector space V. Verify that the
curve 7 : (a,b) — U with

2 on [tg,b)

v1 on (a,tg)
o

then is a C! solution to (79.10).

2. Let v: (a,b) =V, —00o < a <b< oo, bea C!curve in a finite-dimensional
real vector space V with a fixed norm | |, such that fab [9(t)| dt < oo (notation
of (79.1)). Prove that ~ then has one-sided limits at ¢ and b. (Hint below.)

3. Verify that for any C! curve ~ : (a,b) — V in a finite-dimensional real vector
space V with a norm | |, such that —oco < a < b < oo and sup {|¥(t)| : ¢ €
(a,b)} < 00, there must exist one-sided limits of () as ¢ = a and ¢ — b.

4. Solve the initial value problem 4 =, v(0) =1 for v: (—¢,¢) - R with an
appropriate € > 0 by retracing the steps used in the proofs of the existence
and uniqueness theorem (Appendix IT above) and Banach’s fixed-point theorem
(§73), i.e., constructing the approximating sequence 7, = h*(2), choosing z =
o to be the constant function 1. (Hint below.)

5. For F,I,U,ty,xo satisfying the hypotheses of Problem 6 in Appendix II above,
verify that there exists the largest open interval (a,b) C I with tg € (a,b) such
that the initial value problem % = F(t,v), v(to) = xo in U has a solution
v : (a,b) — U, and that this solution is unique. (Hint below.)

6. Let the coefficient curves By, By, ..., Br_1 of a kth order linear equation (79.9)
be all Cldifferentiable, I = 0,1,2,...,00. Verify that the standard order-
reduction procedure (Appendix IT above) then transforms (79.9) into a lin-
ear first-order equation x = A(t)x in the higher-dimensional space V¥, with
t — A(t) of class C'.

7. Given a finite-dimensional real or complex vector space V and a linear mapping
A € Hom(V,V), define e? € Hom(V,V) by e4 = I'(1), where I' : R —
Hom (V,V) is the unique (global) solution to the linear initial value problem

(79.11) I(t)=AT(t), T(0)=1d.

The assignment A — e? is called the exponential mapping. Show that I'(t) =

et4 for all t € R, and so (Hint below.)

(79.12) %e“‘ = Aett.

8. For V, A as in Problem 7 and any s,t € R, verify that (Hint below.)
(79.13) ptHs)A _ jtA sA

9. For any linear operator A € Hom(V, V) of a finite-dimensional real or complex

vector space V, show that e? : V' — V is a linear isomorphism and (e?)™! =
—A
e 4.
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10. For V, A as in Problem 7, prove that e? commutes with A, and that the
exponential mapping A — e4 = I'(1) could also be defined using the initial
value problem I'(t) = T'(t)A, T'(0) = Id instead of (79.11). (Hint below.)

11. A Fkth order linear differential equation (79.6) in a finite-dimensional real or
complex vector space V is said to have constant coefficients if its coefficient
functions By, B1,...,Bk-1 : I — Hom(V,V) are all constant. Verify that the
order-reduction procedure (Appendix II above) then leads to a first-order linear
equation with constant coefficients.

12. Show that the unique solution v : R — V to a first-order linear equation
A(t) = A~v(t) with constant coefficients in a finite-dimensional real or complex
vector space V' (so that A € Hom(V,V) is independent of ¢t € R), satisfying
the initial condition v(tg) = xg € V, is given by

y(t) = et Ag,
13. Prove that, for V, A as in Problem 7,

— 1
A_ k
(79.14) et = ZHA ,
k=0
and derive the conclusions of Problems 7 through 11 and 13 from formula (79.14)

treated as the definition of e”, without using any theorems on differential equa-
tions. Also, verify that the exponential mapping A — e is continuous. (Hint

below.)
14. Generalize Corollary 79.3 replacing (79.3), (79.2) with
7l < Al + f
and

o = /I\/[h(t)]2+[f(t)]2dt < .

with an additional continuous function f: 71 — [0,00). (Hint below.)
15. Generalize Proposition 79.4 replacing (79.7) with

[F(t,2)| < h(®)]e] + f(1),

where f:I — [0,00) is an additional continuous function. (Hint below.)
16. Generalize the Global Existence Theorem to the case of nonhomogeneous linear
ordinary differential equations, with the equation in (79.9) replaced by

Y ®) = u(t) + Bo(t)y + Bi(t)y + ... + Br_1(t)y* 7,
with an additional continuous function w: I — V. (Hint below.)

Hint. In Problem 2, set F(c,d) = fcd|ﬂ'y(t)\dt for any c¢,d € (a,b), so that
|v(d) —~v(c)| < |F(e,d)] — 0 as ¢,d simultaneously approach either a or b. Thus,
whenever a sequence t; in (a,b) converges to a or b, the values ~(t;) form a
Cauchy sequence.

Hint. In Problem 4, condition (78.3) amounts to 0 < ¢ < 1, and ,(t) =
Z?:o t¥/k! is the kth partial sum of the exponential series for ~(t) = et.

Hint. In Problem 5, let (a,b) be the union of all (a/,d) C I with ty € (¢/,¥)
on which a solution exists, and then use the uniqueness statement of Problem 6 in
Appendix II above.

Hint. In Problem 7, fix A € R and note that T'y with T'x\(¢) = T'(\t) satisfies
Iy = MLy, T5(0) = Id, so e* =T (1) =T()).
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Hint. In Problem 8, use (79.12) to observe that the curves ¢ ~—» e(tT9)4 ¢ 1 tAes4
are solutions to the same initial value problem, and so they must coincide.

Hint. In Problem 9, note that the curve t — B(t) = Aet4 — et4 A satisfies B(t) =
AB(t) with B(0) =0 and hence B(t) =0 for all ¢ due to uniqueness of solutions.
Hint. In Problem 13, fix a norm || in V and note that (79.14), as a series of
functions of A € Hom(V, V), converges absolutely and uniformly on each bounded
subset K of Hom(V,V) due to the operator-norm estimate |A*| < |A|*¥ (Prob-
lem 14 in §8), which shows that the partial sums of (79.14) restricted to A € K
form a dgup-Cauchy sequence of continuous functions of A, and we may use Prob-
lems 2 — 3 in Appendix II above to establish convergence and continuity. Therefore,
the same applies to the derivative series

o0
Z i <1tkAk> ’

dt \ k!
k=0
where A is fixed and t varies in an interval of the form [—tg,%o]. We now derive
both (79.12) and its “mirror version” in Problem 10 using integration over ¢. The
statement of Problem 9 can be obtained by differentiating e*4e~*4 with respect
to t, and so the solutions IT' to (79.11) and (79.13) to 4(t) = Av(¢), v(to) = xo
are both unique since by differentiating e~ *AT(t) or e(fo=H44(t) we see that it
must be constant. As for the assertion of Problem 8, it can be obtained either from
the previous uniqueness conclusion applied to t — e~ 54e(t+9)4 or from a standard
series multiplication argument.
Hint. In Problem 14, use the new C! mapping I' : I — W into the direct-sum
vector space W = V xR with the direct-sum inner product (involving the standard
inner product in R), given by

(79.15) T(t) = (y(t),1).

By the Schwarz inequality and (79.3), |I| = |3] < hly| + f < Vh2+f2-
VIvlP+1 = H|T|, with H = y/h?+ f?, so that we can apply Corollary 79.3
to the primed data.

Hint. In Problem 15, proceed as in the original proof of Proposition 79.4, replacing
Corollary 79.3 by its generalized version (Problem 14).

Hint. In Problem 16, proceed as in the original proof of the global existence theo-
rem, replacing Proposition 79.4 by its generalization given in Problem 15, or simply
note that (79.15) then defines a solution to a homogeneous linear differential equa-
tion in the new vector space W =V x R and apply to it the original theorem.

80. Differential equations with parameters
Topics: Ordinary differential equations with parameters; the regularity theorems; initial condi-
tions as parameters.

Let U CV, U C V' be open subsets of finite-dimensional real vector spaces
V and V'. A kth order ordinary differential equation in U is said to depend on
the parameter £ € U’ if it has the form (cf. (78.1))

(80.1) Y& = F(€,t, 7,7, ..,y * D)

with the right-hand side F' : U’ x I x U x V¥=1 — V. Together with an ini-
tial condition (78.2), i.e., y(to) = xo, (to) = v1,..., Y* "V (ty) = vr_1, where
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(to, 2o, V1, -, Vk_1) € I x U x V=1 (80.1) then is referred to as a kth order initial
value problem with a parameter.

LEMMA 80.1. Let a C! curve v : I — V in a finite-dimensional real vector
space V' be defined on an interval I C R of length A < co and satisfy the estimate

(80.2) Y < plyl + g

with some constants p >0 and ¢ >0, || being a fized Fuclidean norm in V. If
~v(t) =0 for some t € I, then

(80-3) < (et - 1)

4
p
everywhere in I.

PROOF. Let [a,b] be any closed subinterval of I on which the function f = ||
is positive. From (80.2) and the Schwarz inequality, |f| < pf + ¢ on [a,b]. Since
f4+q/p>0 on [a,b], rewriting the last inequality as |(f+¢/p)| < p(f +4q/p), then
dividing it by f + ¢/p and, finally, integrating over [a,b] and using Problem 18 in
§74 (Appendix B), we obtain |log[f(b) + ¢/p] — log[f(a) + q/p]| < p(b —a) < pA.
Thus,

(80.4) orh < JO) +a/p
fla) + q/p

Let us denote (¢,d) the maximal open subinterval of I containing [a,b] and such
that v # 0 everywhere on (¢,d). Since v = 0 somewhere in I, at least one of
¢,d must be an element of I at which v = 0. Now, if ¢ € I and f(c) =0 (or,
d eI and f(d) = 0), taking the limit of (80.4) as a — ¢(+) (or, as b — d(—))
and writing ¢ = b (or, t = a), we obtain f(t) < gp~!(eP* — 1). Thus, (80.3) holds
wherever v # 0 and, consequently, everywhere in I. This completes the proof. [

LEMMA 80.2. Given finite-dimensional real vector spaces V, V' and open sub-
sets UcCV, U cV', let

(80.5) Y =FEty), ) = xo.

be the first-order initial value problem in U with a parameter & € U’ obtained
by fixing an open interval I C R, a mapping F : U' x I x U — V, and a pair
(to,z0) € I x U. If F is of class C*Y on U’ x I x U, then, for any & € U’ there
exist a neighborhood U" of & in U’ and a real number € > 0 such that for every
€ e U" a solution v = ¢ to (80.5) can be defined on the interval (to — €,t0 + €)
of the variable t and the mapping (to — €,to +¢) x U” 3 (t,&) — e(t) € U is of
class C'.

PROOF. We use induction on [ > 0. The mapping

The induction step: Suppose that our assertion is true for a given [ > 0, and
let F be of class C'*2. Let us now set m = dim V’ and consider the initial value
problem

oF OF

y = F . y YA = aox - + WA )t )

(80.6) g (&t,7) = e &t + i e & t7)
v(to) = 2o, M(to) = 0, A=1,...,m,

imposed on a curve t +— (y(t),v1(t),...,Ym(t)) valued in U x V'™ (where V™
is the mth Cartesian power of V), with 4* and ~%, A = 1,...,m, standing for
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the ath component of the curve « (or «,) relative to some fixed basis of V. The
right-hand side of (80.6) thus is of class C'*!in (&, ¢,7). O

We now obtain what is known as the regularity theorem.

THEOREM 80.3. Let (80.1) be a system of ordinary differential equations with
a parameter, of any order k > 1, whose right-hand side is of class C*t' in all
quantities involved, | =0,1,2,...,00. The solutions to (80.1) with any given initial
conditions then depend C'-differentiably on the parameter, the independent variable,
and the initial conditions, i.e., on the (k + 3)-tuple (&,t,to,T0,v1,...,V(k—1)) €
U'xI?xU x V*=1 wherever they are defined, while the subset of U’ xI?xU xV*~1
on which they are defined is open.

PRroOF. Using any fixed initial condition (78.2), and proceeding as in the para-
graph preceding the Existence and Uniqueness Theorem (§4, Appendix II), we may
rewrite (80.1) as a first-order initial value problem with parameters. In other words,
we may assume that k£ = 1, and so our initial value problem has the form

(80.7) ¥ =F&ty),  At) = 0.
Denoting t — ~¢(t) the unique solution to (80.7) for any given value of the param-
eter(s) &, let us now “pretend” that the assertion we are trying to prove holds in
this particular case. Applying to (80.7) the partial derivatives of all orders up to I,
relative to the components £* of &, using the chain rule, and setting
_ 9

for any s € {1,...,1}, we thus get a system consisting of

oF

;}/:F(Eataw)a "YA:aig)\

. OF
(gatvv) + 15\ W(€7t37)7

then,

. 0%*F . O0°F . OF wp OF

Tan = DEnEN + ’Y”W + %AW + %%LW,
(with (&,¢,) omitted for brevity), etc., the right-hand sides of which involve partial
derivatives of F' up to order [. These come along with the initial conditions

~v(to) = xo and Yar.a.(to) =0 forall se{l,...,Il}.

This new system with the parameter ¢ has the unknown functions v and 7x,.. ..,
for all s =1,...,1, and its right-hand side depends continuously on (&,t,v). By
Lemma 80.2,
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Appendix D. Some More Differential Geometry

81. Grassmann manifolds

Let V be a n-dimensional real/complex vector space, 1 < n < oo. For any
integer ¢ with 0 < ¢ < n we denote by Gr,(V) the set of all g-dimensional
real /complex vector subspaces of V.

Let d € {1,2} now be the dimension of the scalar field K over R (so that
the real dimension of V' is dn). Denote by e,, a =1,...,q the standard basis of
KY with e, = (8,...,6%). For every surjective linear operator f : V — K9, set
Ap = f71(e1) x ... x f71(e,) (this is an affine space whose the translation space
is the direct sum of ¢ copies of Ker f, cf. Problem 21). Also, setting

U = {W € Gry(V) : f(W) = K%},

we define ¢y : Uy — Aj to be the mapping sending each W onto (ws,...,ws),
where w, is the unique intersection point of W with f~!(e,). The family

(81.1) A={(Uy,¢y) : f is a K-linear mapping of V onto K9}

then is an atlas on Gry(V) (involving affine model spaces, as in §2), making
Gry(V) a C* manifold of dimension ¢d(n — ¢), known as the Grassmann manifold
(or Grassmannian) of g-planes in V. See Problem 22.

Problems

1. Show that the Cartesian product of a finite collection of affine spaces is naturally
an affine space, whose translation vector space is the direct sum of those of the
factors.

2. For V,n,q, Gry(V),K and d as above, prove that (81.1) is a Hausdorff atlas
on Gry(V) and that it makes Gry(V) the underlying set of a C* manifold of
dimension gd(n — ¢q). (Hint below.)

3. Let V,V’ be finite-dimensional real or complex vector spaces. Verify that, for
any linear isomorphism F : V — V'  the assignment W — F(W) is a C¥
diffeomorphism Gr, (V) — Gry(V’). State and prove a similar result in the case
where F': V — V' is merely linear and injective.

4. For V, n, ¢ as in Problem 2, verify that

(a) if ¢ =1, we have Gry(V) = P(V) and the above atlas coincides with the
one described in §2,

(b) setting F(W) ={h € V*:h=0on W}, we obtain a C* diffeomorphism
F: Grg(V) = Grp_qo(V*).

5. For V, n, ¢ as in Problem 2, prove that the Grassmann manifold Gry(V) is
compact. (Hint below.)

Hint. In Problem 2, let (Uy,¢f),Un,n) € A, and let Z be the vector space

of all ¢ x ¢ matrices over K. A C“ mapping F : Ay — Z can be defined by

215
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letting F'(w1,...,wq) be the matrix with column vectors h(wi),...,h(wg). Now
0r(UrNU) C Ay is given by det oF # 0 and so it is open in Ay. Compatibility
follows since (py, o @?1)(1111, oy wg) = Clwg, . .., Cw,), where C € Z is given by
C = [F(wi,...,wy)]" ! (matrix inverse). The Hausdorff axiom is clear as any two
points lie in a common chart of our atlas.

Hint. In Problem 5, fix a Euclidean/Hermitian inner product in V' and apply
Problems 4(a),5 in §3 to the mapping Span : K — Gr,(V), where K is the subset
of the direct sum of ¢ copies of V' formed by all g-tuples of orthonormal vectors.

82. Affine bundles

As in the case of vector bundles, we can define a real or complex affine bundle
¢ over a set B to be a family B > x — (,, parametrized by B, of real or complex
affine spaces (, of some finite dimension ¢, independent of x. The notions of
fibre dimension (or rank), base, fibre, section (with a domain K C B) now can
be introduced by repeating the corresponding definitions for vector bundles. Every
affine bundle ¢ over B gives rise to a vector bundle 1 over B (its associated vector
bundle), the fibre 7, of which at any = € B is the translation vector space of (.
We can thus add sections of 1 to those of ¢ (if their domains agree), obtaining
sections of (.

Let ¢ be an affine bundle over a set B, of some fibre dimension ¢, and let i be
its associated vector bundle. A trivialization of { over a set K C B then consists of
a section o of ¢, defined on K, and a trivialization ei,...,e, of n over K. Such a
trivialization will be written o, e,, where a varies in the fixed range {1,...,q}. For
xz € K and £ € (,, we define the components £* of £ relative to the trivialization
0,6, over K to be the scalars characterized by & = o(x) + £%e,(x). Similarly,
the scalar-valued component functions x* : K — R or x* : K — C of any
section ¢ of ¢ over K then are given by x%(z) = [x(z)]*. Thus, x = 0 + x%¢eq.
Another such trivialization (over a set K’ C B) will be denoted by o', e,; it leads
to the scalar-valued transition functions c¢*, e on KNK' given by o = 0+ c%e,,
Caq = €%€q.

Consider now a affine bundle ¢ whose base set, denoted by M, carries a fixed
structure of a C" manifold, r > 1. By a local section (trivialization) of { we
then mean a section x (or, trivialization o, e,) whose domain is an open set U C
M. (When U = M, the section or trivialization is called global.) Two local
trivializations o, e, and o, e,, with domains U, U’ are called C*® compatible (0 <
s < r) if the scalar-valued transition functions ¢, and e on U N U’ are all of
class C®. Compatibility is, again, a symmetric relation. A C* atlas B for ( is
a collection of local trivializations which are pairwise C*® compatible and whose
domains cover M. Such an atlas is said to be mazimal if it is not contained in any
other C* atlas. Every C? atlas B for ( is contained in a unique maximal C* atlas
Bmax, formed by all local trivializations of ( that are C* compatible with each of
the local trivializations constituting 5.

We define a C* affine bundle over a C" manifold M (0 < s < r) to be any
affine bundle ¢ over M endowed with a fixed maximal C*® atlas By,.x. Note that,
to describe a C*® affine bundle ¢ over M, it suffices to provide just one C* atlas
B contained in its maximal C* atlas Bpax.-

A local section x of a C* affine bundle ( is said to be of class C!, 0 <1< s,
if its components x° relative to all local trivializations o, e, forming the maximal
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atlas Bpax of 7, are C! functions. This is a local geometric property (§2): to verify
that x is C!, we only need to use, instead of Bmay, just any C° atlas B contained
in Bpax- Cf. Problem 11 in §20.

Problems

1.

In notations as above, verify the transformation rule

’
a

X = e (X =)
for component functions of sections of affine bundles under a change of a trivi-
alization.

83. Abundance of cut-off functions

Functions on manifolds that are C°°-differentiable and vanish on a nonempty

open set, but not identically, are used for a variety of purposes. The following
problems establish the existence of a large supply of such functions.

Problems

13.

14.

15.

16.

17.

18.

19.

20.

Let f : (a,b) — R be a differentiable function, —oo < a < b < oo, such
that L = lim,_, 44 f'(7) exists and is finite. Show that f has a differentiable
extension to [a,b), also denoted by f, with f'(a) = L.

Define f : (0,00) = R by f(z) = e~/*. Verify that, for each integer k > 1,
the kth derivative f(*)(z) is a finite combination, with constant coefficients, of
terms having the form z~*e~1/%, where the s are positive integers.

Prove that the function f : R — R given by f(z) = e '/* for & > 0 and
f(x) =0 for = <0 is of class C*.

For any real numbers a,b with a < b, show that there is a C'°° function y :
R — R with x=0 on (—o0,a], x >0 on (a,b), and x =0 on [b,00).

Given real numbers a,b with a < b, prove the existence of a C'°° function
¢p:R— R with ¢ =0 on (—o0,a], 0< ¢ <1 on (a,b), and ¢ =1 on [b,0c0).
For real numbers a,b with 0 < a < b and an integer n > 1, show that there
exists a C* function ¢ : R™ — [0,1] such that ¢(z) =1 if |z| <a and ¢ =0
whenever |z| > b.

Existence of cut-off functions. Given a closed subset K of a C" manifold M,
0 <r < oo, and a point x € M\ K, prove the existence of a C" function
¢: M —R with 0<¢p<1on M, =1 in a neighborhood of z, and ¢ =0
in some open set containing K.

Global extensibility of germs. For a point x in a C" manifold M, 0 < r < oo,
and any [ =0,1,2,...,r, show that each germ of a C! function at =z, is realized
by a C* function defined on the whole of M.

84. Partitions of unity

Topics: Locally finite open coverings; locally finite partitions of unity; existence theorems.

LEMMA 84.1. Ewvery manifold M is the union M = U;il U; of open sets Uj

such that each Uj; has a compact closure contained in Ujiq.

in preparation
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PRrROOF. O

A family S of subsets of a manifold M is called locally finite if every point of M
has a neighborhood intersecting only finitely manu sets from S.

We can now establish an important consequence of the countability axiom
(§14): the condition that, according to the following theorem, is satisfied by every
manifold, is known as paracompactness.

THEOREM 84.2. For every open covering U of a manifold M there exists a
locally finite open covering of M subordinate to U.

PROOF. Let us choose the Uj as in Lemma 84.1, and let Y be their (compact)
closures. In view of the Borel-Heine theorem, for each j > 1 some finite subfamily
U; of U covers Yj;, and so does the finite family Z/{j'- of open sets given by UJ’- =
{U\Yj-1:U € Uy} (where we have set Yy = @). The union U’ = J;2, U; clearly
is an open covering of M subordinate to U. To see that it is locally finite, let
x € M and let us fix a neighborhood of x having a compact closure Y. The
Borel-Heine theorem applied to Y and the sets Uj; shows that Y C Uj; for some
j, so that the only sets in the family o’ that might possibly intersect Y are
those belonging to Uy for k € {1,...,5}. The latter sets are finite in number, as
required. O

By a locally finite partition of unity we mean
in preparation

We say that a locally finite partition of unity is subordinate to an open covering
U if

in preparation

COROLLARY 84.3. For every open covering U of a manifold M, there exists
a locally finite partition of unity subordinate to U.

in preparation
PRrOOF. O

Problems

1. Using Corollary 84.3, generalize Problem 3 in §36 to the case where, instead of
compactness of K’, one just assumes both sets K, K’ to be closed.

2. Show that every C° real/complex vector bundle over a C'* manifold satisfying
the countability axiom admits a C'*° (positive-definite) Riemannian/Hermitian
metric g and a connection V compatible with g. (Hint below.)

3. Show that a positive C'™° density exists on every manifold. (Hint below.)
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4. Prove that every manifold admits an atlas that has unimodular transition map-
ping in the sense that det[p),] = 1 for any two charts of this atlas. (Hint
below.)

Hint. In Problem 1, apply Corollary 84.3 to the open covering of M formed by
the two sets M\ K and M\ K’, then select those functions from your locally finite
partition of unity whose supports are contained in M\ K’. The sum f of the
selected functions is still equal to 1 on K, but is 0 on K’. We may now replace
f with 7o f, for a C* function 7 : [0,1] — [0,1] equal to 0 near 0 and to 1
near 1.

Hint. In Problem 2,

Hint. In Problem 3, use a locally finite partition of unity.

Hint. In Problem 4, use Problem 3 to select a positive C'° density on the given
manifold, and then apply Problem 2 in §37 with ¢ = 1.

85. Flows of vector fields

Topics: Integral curves and the flow of a vector field; the homomorphic property.

Suppose that w is a fixed C' vector field on a manifold M, 1 <1 < co.

A C' curve v : I — M defined on an interval I C R is called an integral
curve of w if 4(t) = w(y(t)) for each t € I. If, in addition, ¢ € I is fixed and
~v(t) = z € M, we say that v is a solution to the initial value problem

(85.1) y=wly), )=z

in M. In any local coordinates 27/ at z, (85.1) is clearly equivalent to the initial
value problem

A=W (4 ), Vt)y=2", j=1,...,n=dimM
in an open subset of R®, with the unknowns v/ = 27 o ~, where U/ are the
functions of n variables characterized by w’ = Wi (z!,... 2"), and 27 = 27(2).

Therefore, according to the the existence and uniqueness theorem on p. 32, for
each t € R and z € M, (85.1) has a unique C' solution 7 : I — M defined on
some open interval I containing ¢. Furthermore, there is always a largest possible
open interval I = I,,x with this property, and a solution ~ is also unique on the
whole of Iax (Problem 3).

For each z € M, let I, C R with —oo < infl, < 0 < supl, < oo be the
largest interval on which an integral curve ~, : I, = M of w with ~,(0) =« can
be defined. Denote Y,, the subset of M xR given by Y,, = {(z,t) e M xR :t €
I}, and define the flow of w to be the mapping Y, > (z,t) — ez € M with

e =, (t).
« tw

We will use the phrase “e’x exists” to express that (z,t) € Yy, i.e., t € I,.

The above notation is consistent in the sense that ¥z depends only on z and
the product vector field tw, rather than ¢ and w separately. In fact, if tw = 0, we
have ez = z, since either ¢t =0, or w = 0 and all integral curves -, are constant.
Futhermore, if u = Aw with A € R, then A7'I, 3 s = F,(s) = v.(As) € M
is an integral curve of u with 7,(0) = z, defined on the largest possible interval
(Problem 4). For any € M and t¢,s € R with tw = su, i.e., t = \s, this shows
that e!“x exists if and only if so does e“x, and then e!“x = e“x.
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Note that, since I, >t — etz is an integral curve of w, it obeys the standard
“exponential derivative” rule

(85.2) %eth = w(e™r), r =z,
the exponent 0 now being the zero vector field.

For each t € R, let U; C M bethe set of all € M for which ez exists, i.e.,
(z,t) € Yy. Thus, z € U; if and only if w has an integral curve v with v(0) =
defined on an interval containing both 0 and ¢. Note that U; may be empty for
some t, even though Uy = M and Uz C U; whenever 0 <t <s or s <t <0. We
denote €' : U; — M the mapping sending each x € U; onto e¥x.

LEMMA 85.1. Let w be a C' vector field on a manifold M, 1 <1 < oo, and
fiz x € M and t € R such that ez exists. Then, for any s € R, the conditions

a. eYelWx exists,

b. ety exists,
are equivalent, and either of them implies that

(85.3) ety — gswetwy

PRrOOF. Note that I, —t > s +— y(s) = e*tD%x =~ (s+1) € M is an integral
curve of w with v(0) = 7,(t) = ez, defined on the largest possible interval

(Problem 4), and so v(s) = e*¥e!Vx. O

REMARK 85.2. If w is a C' vector field on a manifold M, 1 <1 < oo, and
t € R, then e is a bijective mapping of U; onto U_; and its inverse mapping is
e~ In fact, this is immediate from the above lemma for s = —t.

PROPOSITION 85.3. Suppose that w is a C' vector field on a manifold M,
1 <1< oo. Then Yy is an open subset of M x R and the flow mapping Y, >
(z,t) = ez € M is C'-differentiable.

ProOOF. We only need to show that, for each (z,tg) € Y,
There exists an open set U C M and an open interval I C R
(85.4) with x € U and 0,tp € I, such that U x I C Y,, and the

mapping U x I 3 (z,t) — ez € M is Chdifferentiable.

Fix x € M. By the local regularity theorem (p. 40), (85.4) holds whenever tg is
sufficiently close to 0. To prove (85.4) for all ty € I, suppose that for instance
to > 0 and let t; > 0 be the supremum of those ¢, > 0 which satisfy (85.4)
with the given x. The assertion will follow if we now show that t; = supl,.
Let us assume, on the contrary, that t; € I,. According to the local regularity
theorem, there exists a neighborhood U’ of e!'¥x in M, positive numbers ¢, 6,
and a C! mapping (y,t’,t) — v(y,t',t) € M defined for y € U’ and real t¢,t' with
|t —t1] < § and |t — | < ¢, such that for any such y and ¢, the assignment
(t'—e,t' +¢)dt—v(y,t',t) € M is an integral curve of w with y(y,¢,t') = y.
Now let us fix ¢ with 0 < ¢; —#' < min(4, £) and such that ez € U’ (the latter
being possible by continuity of ¢ + ez at t = t;). Since (85.4) holds for some
to > t', we may choose U in (85.4) so that, in addition, e (U) C U’ for all ¢
sufficiently close to t'. According to Problem13.1, formula

ez = (el Vz,t 1)
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now defines a Cdifferentiable extension of the flow mapping to z € U and 0 <
t <t'+ g;since t' + € > t1, this contradicts our choice of t;, thus completing the
proof. O

Combining this result with Problem2.7 and the preceding remark, we obtain

COROLLARY 85.4. For any C' vector field w on a manifold M, 1 <1 < oo,

and t € R, the set Uy = {& € M : (z,t) € Y} is open in M and, if it is
nonempty, et : U, — U_; is a C' diffeomorphism with the inverse diffeomorphism

e

—tw : U_t — Ut,

Problems

1.

Verify that, for any linear vector field w = A on a finite-dimensional real or
complex vector space V (Problem16.9) and any ¢ € R, the flow mapping e*¥
coincides with e/ defined in Problem14.2.

. Describe the flow mapping (z,t) — e®“z and its domain Y, for the vector field

w on R given by w(z) =22+1€R=T,R, » € R.

. Prove that, for any C! vector field w on a manifold M, any point z € M and

a real number t, a C! solution v : I — M to the initial value problem (85.1)
on any open interval I containing ¢ on which it can be defined, and that there
exists the largest possible interval I, with this property. (Hint below.)

Given two intervals I,I'’ C R, a C! function ¢ : I — I’, and a C! curve
~v:I' = M in a manifold M, verify the chain rule

(vow) = @(Youp),

ie, Ly(p(t) = ¢()¥(p(t)), where ()" stands for the differentiation with
respect to either parameter (in I or in I').

. Let f:U — R be a function defined on an open subset U of a manifold M.

We say that f is locally Lipschitz if sois fop ! : U NU') - R (in the
sense defined in Problem 12.5, with some norm in R™, n = dim M) for each
coordinate system (U’, ) in M. Prove that this is a local geometric property,
i.e, it can be verified using any particular set of coordinate systems covering U.
Show that every locally Lipschitz function is continuous, and every C' function
is locally Lipschitz. (Hint below.)

. Show that the class of all locally Lipschitz functions U — R on a fixed open

subset U of a manifold M forms an algebra, i.e., is closed under addition and
multiplication of functions. (Hint below.)

A vector field w on a manifold M is said to be locally Lipschitz if so are its
component functions w’ relative to any local coordinates z7 in M. Verify that
this is a local geometric property (p. 4). Prove that the initial value problem
(85.1) then has a unique C* solution ~: I — M defined on the largest possible
open interval I C R containing t.

. A mapping F : M — N between manifolds is called locally Lipschitz if it is

continuous and its components F'* = y“ o F', relative to any local coordinates
y* in M, are locally Lipschitz functions in M. Verify that this is a local
geometric property (p. 4). Show that composites of locally Lipschitz mappings
between manifolds are again locally Lipschitz.

Hint. In Problem 3, use the hints for Problems12.6 and 13.5.
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Hint. In Problem 5, the geometric-property assertion follows from the obvious fact
that composites h o F' of locally Lipschitz mappings between open sets in finite-
dimensional normed vector spaces are again locally Lipschitz; this can in turn be
applied to h = fop~! and F = oo g for two coordinate mappings ¢, in M.
Hint. In Problem 6, use local boundedness (or continuity) of locally Lipschitz
functions f,h in a normed vector space, along with |f(z)h(z) — f(2)h(2)| <

[f@)lIh(x) = h(2)] + [h(2)]|f(x) = f(2)]-

86. Killing fields

Topics: Killing vector fields on Riemannian manifolds and flows consisting of local isometries.

87. Lie brackets and flows

Topics: Commutation between the flows of two vector fields, versus the vanishing of their Lie
bracket.

For any C! diffeomorphism F : M — N between manifolds and any vector
field w on M , there exists a unique vector field v on N which is F-related to w in
the sense that (16.6) holds (see Problem16.5). We then simply write v = (dF)w
and call v the push-forward of w under F'. In view of (16.7), if w is of class C!,
I =0,1,...,00 and F is C'*l-differentiable, then v = (dF)w is also of class C'.
Thus, if I = 1 and w’ is another C! vector field on M , Theorem.... implies

(87.1) (dF)[w, w'] = [(dF)w, (dF)w'] .

Let w be a fixed C? vector field on a manifold M , and let the open sets I, C R,
Yo CM xRand Uy C M, for any z € M and t € R, be defined as on p. 47. If
u is a C1 vector field on M , the push-forward (de!™)u of the restriction of u to U,
under the C! diffeomorphism e** : Uy — U_; is a C'* vector field on U_; (provided
that U; is nonempty, which is guaranteed if ¢ is sufficiently close to 0). Since, for
any fixed y € M, the set of all t € R with y € U_, is the open interval —I,, and
the resulting curve —I, > t — [(de™)u](y) € T, M if of class C! (in view of the
proposition on p. 48 and formula (16.7)), the derivative

a
dt
is a well-defined vector field on U_; , assigning to each y € U_; the vector d{[(de®)u](y)}/dt .
Also note that, for u = w and any ¢ € R we have

(87.3) [(de"™)w] = w

(87.2) [(de")u]

Sw

everywhere in U_; = €' (U;) . In fact, by (85.2) and (85.3), w(z) = % e**z|__, for

d
ds
z € Uy, and so [(det)w](et?z) = (detV),[w(z)] = & etveswrz| _, = L eltFs)vy
= w(e™x) (see also Problem 4 in §85).

s=

4 sw s=
dse

s=t

PROPOSITION 87.1. Given a C? vector field w and a C' vector field u on a

manifold M , we have, for eacht € R,
d
(87.4) 7 [(de™)u] = (de™)[u,w] .

everywhere in the open set U_y = {y € M : e~y exists} .
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PROOF. Denote v; the vector field (de”)u on U_; and, for any given ¢ such
that U, is nonempty, let 27 and ¥ be local coordinates at fixed points zg € U; and,
respectively, yo = e'¥xo € U_; in the open submanifolds U;, U_; of M . Writing
v*(t,y) instead of v{*(y) and ¢(t, x) instead of ez, with ¢ (t,z) = y* o ¢(t, x) for
x near xo and y near yg, we will apply to both resulting component functions the
partial derivative 9/0t. Thus, v, is characterized by v (é(t, x)) = d[p(t, )] [u(x)],
i.e., in view of (16.7),

(87.5) v (¢, d(t,x)) = u (2)(9;97)(t, 7)
for « near zp. On the other hand, by (85.2),

d 0™
(7.6) Lo%(t) = 20 (1) = w (0(1,0)),

cd 9 ¢” 9 09 9 o
so that the relation %[@qﬁ (t,z)] = pro (t,z) = 907 or (t,z) = 7Y (o(t, x))
and the chain rule yield

d
(87.7) i [00°(t )] = (Dpw™)(o(t, 2))(8;0°)(t, ) -
Applying d/dt to (87.5) we now obtain, setting y = ¢(t, z),
o™ o™ Rl N
T () + G t) - T (62) = ! (@) (0,0 1. 0)]

and so it follows from (87.5) — (87.7) that, at points y near yo, the component
functions of (87.2) are given by
ov®
ot
In view of (16.4), this shows that dv;/dt = [vs, w], i.e.,
d
7
and (87.4) is immediate from (87.1) and (87.3). O

(t,-) = V7 (t, )Opw™ — wP g0 (t,-).

(de™™)u] = [(de")u, w],

COROLLARY 87.2. For a C? vector field w and a C' vector field u on a manifold
M , the following two conditions are equivalent:

a. [u,w] =0 identically on M ;

b. u is invariant under the flow of w in the sense that

(de"™Yu =u

everywhere in the open set U_; = et (Uy), for each t € R such that Uy =
{z € M : e"x exists} is nonempty.

This is a direct consequence of (87.4) and the fact that [(de™)u]| _, = u.
The Lie bracket [w, u] of two vector fields w, u on a manifold M vanishes if and

only if their flows commute. More precisely, we have the following result.

THEOREM 87.3. Suppose that we are given a C? vector field w and a C' vector
field w on a manifold M. Then [w,u] = 0 everywhere if and only if, for all real t, s,

etwesu — esuetw

at all points in M where both composites make sense.
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REMARK 87.4. Note that, for C' vector fields w,u on M, the set of those
(z,t,8) € M x R? for which e!e*“x exists is open and contains M x {(0,0)}. In
fact, this is just the preimage of the open set Y,, under the C! mapping R x Y, >
(t, (z,8)) — (t,e*"z) (see the proposition on p. 48). Therefore, the same holds for
the set of (x,t,s) such that e!¥es“x and e*“e!™x both exist.

ProOF. Condition [w,u] = 0 means that w is invariant under the flow of w
(the corollary on p. 52), which in turn is equivalent (see Problem 2) to requiring
that the composite s — e'?e*“z of each flow mapping ! with any integral curve
s+ e*“z of u contained in the domain U; of e (bottom of p. 47) be the integral
curve of u having the value e/“z at s = 0, i.e., coincide with s + e*“e!¥x. This
completes the proof. O

Problems

1. Given C' mappings ® : M — N, ¥ : N — P between manifolds and C* vector
fields w on M , v on N and uw on P such that (d®)w = v on ®(M) and (d¥)v =u
on U(N), prove that (d[¥ o ®])w = u on ¥(P(M)).

2. Let F': M — N be a C' mapping between manifolds and let w,v be C' vector
fields on M and N, respectively. Show that (dF)w = v on F(M) (p. 44) if and
only if, for every integral curve v of w, the composite F' o~ is an integral curve
of v.

88. Completeness of vector fields

Topics: .

A C* vector field w on a manifold M is said to be complete if Y,, = M x R
(notation as on p. 47), i.e., if each maximal integral curve of w is defined on the
whole real line R. Removing from a manifold M a point = with w(z) # 0 for a
given C'! vector field w we are obviously left with a non-complete vector field on the
open submanifold U = M\ {z}, namely, the restriction of w. In fact, v : (0,e) = U
given by v(t) = ez for a sufficiently small ¢ > 0 then is an integral curve of w
restricted to U that cannot be extended (in U) to ¢ < 0. For a more general class
of examples, see Problem 6.

Examples of complete vector fields. Each of the following assumptions on the
manifold M and the C* vector field w on M guarantees completeness of w :

a. M x (—e,e) C Y, for some € > 0, i.e., for each x € M there is an in-
tegral curve v of w with v(0) = z, defined on the interval (—¢, ¢) with €
independent of z. See Problem 7.

b. M is separable (p. 29) and w is compactly supported, i.e., vanishes outside a
compact subset K of M. In fact, for each x € M, there is a product neighbor-
hood U, X (—&4, €;) of (x,0) in M xR contained in Y,,, and choosing a finite
set I' € M with K C (J,cp Uz (Problem11.8) we obtain M x (—¢,¢) C Y,
as in (a), for e = min{e, : x € T'}.

c. M is a compact separable manifold (and w is any C* vector field on M);
this is (b) with K = M.

d. M = V is a finite-dimensional real or complex vector space and w is a
linear vector field on V' (Problem16.9). Completeness of w follows here from
the global existence theorem for linear differential equations (p. 37); for an
explicit description of the flow of w, see Problem 1 in §85.
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e. More generally, a C'! vector field w on a finite-dimensional real or complex
vector space M =V is complete whenever it has linear growth in the sense
that |w(z)| < C|z| for some norm | | in V, a constant C > 0 and all z € V|
where w is identified with a mapping V' — V as in Problem16.8. This is
clear from the proposition on p. 37 applied to F(t,z) = w(x), h(t) = C and
I =R. (For generalizations, see Problems 8 and 9.)

f. Another condition ensuring completeness of a C'! vector field w on a finite-
dimensional vector space M =V is its boundedness as a mapping V — V in
the sense that |w(z)| < C for some (or any) norm | | in V, a constant C' > 0
and all z € V. (This terminology agrees with that introduced on p. 31, but
not with the use of the term ‘bounded’ for linear operators on p. 14.) In
fact, any integral curve v : (a,b) — V of w with a > —oo or b < oo must
have a limit at a or b (Problem13.3), and hence one can extend it beyond a
or b as in Problem13.1, using such a limit as the initial value at a or b. (See
also Problems 5, 8 and 9.)

Problems

1. Let V, W be real or complex vector spaces and let K be a subset of V. A mapping
F : K — W is said to be homogeneous of degree k € Z if F(\v) = A\FF(v) for
any nonzero scalar A and any vector v € K with Av € K. We also say that
F : K — W is positively homogeneous of degree a € R if F(Av) = A*F(v) for
all vectors v € K and all positive real scalars A such that Av € K. Prove that,
under the assumption that V, W are both finite-dimensional,

(a) If F is positively homogeneous of degree 0, K is nonempty and contains
Av whenever v € K and A € [0,1), and F is continuous at 0, then F is
constant.

(b) If K is an open subset of V, F' is C'’-differentiable and (positively) homoge-
neous of some degree a, and v € V, then d, F is (positively) homogeneous
of degree a — 1.

(c) If K =V and F is Cl-differentiable and positively homogeneous of degree
1, then F': V — W is a real-linear mapping,.

(Hint below.)

2. Suppose that V, W are finite-dimensional real or complex vector spaces, U is an
open subset of V, and F : U — W is a C! mapping. The identity mapping Id :
V' — V can naturally be identified with a vector field on V' as in Problem16.8;
it is then referred to as the radial vector field on V. Show that

(a) digF = aF whenever F is positively homogeneous of degree a € R.

(b) If the intersection of U with every real half-line [0,00)-v emanating from
0 in V (where v € V\{0}) is connected, and digw = aw for some a € R,
then w is positively homogeneous of degree a.

(Hint below.)

3. Let V be a finite-dimensional real vector space and let U be an open subset
of a V. Any given C' mapping w : U — V, as well as the identity mapping
Id : V — V can be regarded as vector fields on U and V' (Problem16.8). Verify
that

(a) The Lie bracket [Id,w] is given by [Id,w] = diqw — w, i.e., [Id,w](x) =
(drw)(z) — w(z) for z € U.
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(b) Under the same assumption about U as in (b) of Problem 2, positive ho-
mogeneity of degree a € R for w is equivalent to the condition [Id,w] =
(a —1)w.
(Hint below.)
4. For a C? vector field w and a C" vector field v on a manifold M, prove that the
following three conditions are equivalent:
(a) [u,w] = Au everywhere in M, for some real number \;
(b) (det™)u = eMu everywhere in U_; = e!*(Uy;), for some real number A and
each t € R such that U; = {x € M : "z exists} is nonempty;
(¢) wis invariant, up to constant factors, under the flow of w in the sense that,
everywhere in U_y,

(de"™)u = c(t)u

for each ¢t € R such that U; is nonempty, and some c(t) € R.
(Hint below.)
5. Let w be a C' vector field on a manifold M, and let 7 : (a,b) — M, —oc <
a < b < 0o, be a maximal integral curve of w. Show that if a limit . lira_)’y(t)
—a

or lilgl )v(t) exists, then the corresponding endpoint (a or b) is infinite. (Hint
t—b(—

below.)

6. Let w be a C' vector field on a manifold M, and let K be a closed subset of M
which is not a union of (images of) maximal integral curves of w. Show that the
vector field on the open submanifold U = M\ K obtained by restricting w to U
is not complete. (Hint below.)

7. Let w be a C' vector field on a manifold M such that M x (—e,e) C Y, for
some € > 0 (notation as on p. 47). Prove that w is complete. (Hint below.)

8. Prove completeness of any C! vector field w on a finite-dimensional real or
complex vector space V that has nonhomogeneous linear growth, i.e., |w(x)| <
Colz| + C1 for some norm | | in V, some constants Cy,C; > 0 and all x € V|
where w is regarded as a mapping V' — V (Problem16.8). (Hint below.)

9. Let w be a C! vector field on a finite-dimensional real or complex vector space V/
satisfying the estimate |w(x)| < C|x|+C’ for some norm | | in V', some compact
subset K of V', some constants C,C’ > 0, and all z € V\ K. Show that w is
complete. (Hint below.)

Hint. In Problem 1, to obtain (c¢) apply (a) to d, F for each v € V using (b).
Hint. In Problem 2, note that x = Idx = % t$‘t:1~

Hint. In Problem 3, use Problem16.8.

Hint. In Problem 4, (a) implies (b) via (87.4) and the “global uniqueness” theorem
for ordinary differential equations (Problem12.6), and (c) implies (a) with A = ¢(0)
again by (87.4), since the function ¢ + c¢(t) must be of class C* unless u = 0
identically (in view of the proposition on p. 48).

Hint. In Problem 5, if for instance v had a limit « at b with b < oo, the assignment
(a,b) >t = y(t), [b+¢e) 3t etz would define, for a suitable € > 0, an
integral curve of w (see Problem13.1), contradicting the maximality of b.

Hint. In Problem 6, note that the images of the maximal integral curves of w in
M are pairwise disjoint and their union equals M, so by the assumption on K one
of these images intersects both U and K, thus providing an integral curve of w
restricted to U that cannot be extended in U to the whole real line.
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Hint. In Problem 7, let 7 : (a,b) — V be a maximal integral curve of w. To show
that (a,b) = R, suppose on the contrary that, for instance, b < oco. Choosing ¢
with a < ¢ < b and b — ¢ < ¢, we may extend y to an integral curve of w defined
(a,c + €) and given by (a,c] > t — ~(t) and [c,c + €) 2 t — et=I[y(¢)] (see
Problem13.1), which contradicts the maximality of b.

Hint. In Problem 8, for any maximal integral curve x : I — V of w we have
Ix] < C(x|+ 1) with C = max (Cy, C1), and so the curve I 3¢ — v(t) = (x(¢),1)
in V @ R satisfies |4| < C|y| for the norm |(x,\)| = |x| + |\|. If I were not the
whole of R, « (and x) would have a limit at a finite endpoint of I (by the corollary
on p. 36), which contradicts the statement of Problem 5.

Hint. In Problem 9, apply Problem 8 to Cyp = C and C; = C' + sup {|w(x)| : z €
K}.
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Appendix E. Measure and Integration

89. The Holder and Minkowski inequalities

(89.1) [fRlle < (I fllpllRllg-
For p € [1, o0,
(89.2) 1f+ Al < fllp + (1]l

In fact, we may let p > 1, and then apply (89.1) to h replaced by |f + h|P~L

90. Convergence theorems

Topics: B. Levi’s monotone convergence theorem; Fatou’s lemma; Lebesgue’s dominated con-

vergence theorem.

fxh = / fly—2)h(z)dz
1%
£+ Rl < [[fllalln]:
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Appendix F. More on Lie Groups

96. The exponential mapping

Topics: The exponential mapping associated with a Lie group G'; relation with C'' homomor-
phisms R — G; the geodesic exponential mapping for a connection in the tangent bundle T'M ;
normal (geodesic) coordinates; the standard left- and right-invariant connections on a Lie group.

For a Lie group G of class C”, r > 2, and a C! curve v : I — G defined on an
interval I, the requirement that

(96.1) A= v
with a fixed vector v € T1G , that is, ¥(t) = y(t)v for each t € I (with the multipli-
cation of elements of G by tangent vectors defined as in (11.3)) may be thought of
as an ordinary differential equation of order 1 in G, since in any given coordinate
system 27 for G, (96.1) becomes a system of such equations with the unknown
functions ¢t — ~7(t) defined on subintervals of I. In fact, choosing the &’ as in
(11.8), we can rewrite (96.1) as
, J

(96.2) (0 =0 S 0 2 O,
where u stands for 1 € G. Consequently, given ¢y € R and z¢ € G, (96.1) will have
a C! solution t — ~(t) with v(ty) = g, defined on some open interval containing
to. Furthermore, such a solution 7 is unique on every interval I with ¢y € I on
which it exists, and it is of class C” (since the 9®7/dy* in (96.2) are of class
C"™1). Thus, (96.1) with the initial condition y(tg) = zo has a unique C! solution
v defined the maximal possible open interval containing ¢y (i.e., the union of all
such intervals on which solutions exist).

The same conclusion remains valid when (96.1) is replaced by the equation

7=y
with v € TG .

LEMMA 96.1. Given a Lie group G of class C", r > 2, and a C' curve v :
I — G defined on an interval I containing 0, the following three conditions are
mutually equivalent:

i. 7 is the restriction to I of a C' homomorphism R — G,
ii. 7 is a solution to (96.1), for some v € ThG, with the initial condition (0) =
1,
iii. v satisfies (96.1) and v(0) =1 for some v € T1G .

PROOF. Assume (i). Then §(t) = | _v(t+s) = £| _v(t)v(s) = v(t)v
with v = 4(0) . This yields (ii), as well as (iii) (since (i) implies y(t+s) = y(s+t) =
Y(#®)v(s) = v(s)v(t)). Now, if (ii) holds, and s € I is fixed, the curves v and ¢ —

231
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[v(s)]~'y(s +t) both satisfy (96.1) with the same initial value 1 € G at t = 0. The
uniqueness of solutions (as mentioned above) now shows that (s +t) = v(s)y(t)
whenever s,t and s+t are all in I. To extend 7 to a C' homomorphism, choose
e > 0 with [0,e] C I or [~¢,0] C I and then set y(ke + s) = [y(¢)]*v(s), noting
that every real number can be uniquely written as ke + s with k € Z and s € [0, €)
or, respectively, s € (—¢,0]. Thus, (ii) implies (i). Similarly, (i) will follow from
(iii) if we use the curve t — (s +t)[y(s)] L. O

PROPOSITION 96.2. Let G be a Lie group of class C", r > 2. Then
a. For every v € T1G there exists a unique C' homomorphism v, : R — G

with
Y0 (0) = v.
b. v = v, is a solution to both (96.1) and (79.10) with the initial condition
7(0) = 1.

c. Forall s,t € R and v € T1G we have

Vso(t) = 'YU(St) .
d. The mapping R x TiG > (t,v) = 7,(t) is of class C"~*, and each homo-
morphism v, is of class C".

PROOF. (a) and (b) are immediate from the lemma and the preceding remarks
on the existence and uniqueness of solutions to ordinary differential equations.
Assertion (c) easily follows from the uniqueness of solutions. Finally, (d) is a
consequence of the regular dependence of solutions to ordinary differential equations
on parameters, the latter being in this case the vectors v € T1G. O

For a Lie group G of class C", r > 2, we define the exponential mapping
(96.3) exp: TG — G,
also written as v — eV, by
expv = e” = 7,(1)
with 7, introduced in the above proposition. Assertion (c¢) with ¢ = 1 now yields

(96.4) Yo(t) = e
for all t € R and v € T1G. Thus,

€(s+t)v — SVet?
and, by (b),
d
%etv _Uetv :etvv7 60:1
In particular,
d
(96.5) aet” o =,

Consider now two Lie groups G, H of class C”, r > 2, and a C'' homomorphism
f:G— H. For any v € TG, formula y(t) = f(e'¥) defines a C! homomorphism
v: R — H with 4(0) = f.v (notation of (12.1)), i.e., ¥ = 7vr.». By (96.4), we
must have y(t) = exp(tf.v), the symbol exp being also used for the exponential
mapping of H. With ¢ = 1, this becomes

(96.6) f(e¥) = el
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for all v € T1G, that is
foexp = expof,.
Let V now be a connection in T'M. The (geodesic) exponential mapping

(96.7) exp, : Uy = M

of the connection V at any point x € M is defined as follows. Its domain U, is
the subset of T, M consisting of those v € T, M for which there exists a geodesic
t — x(t), defined on the whole interval [0, 1], and such that x(0) = z, ©(0) = v. For
such v and z(t), we set exp, v = z(1). (One traditionally writes exp, v, without
parentheses, rather than exp,(v).) It is obvious from the Regularity Theorem in
§80 that the set U, is open in T, M (and contains 0), and the mapping exp, is of
class C*°. Furthermore, the geodesic z(t) with x(0) = z and #(0) = v is given by
x(t) = exp, tv, as one sees fixing ¢ € [0, 1] and noting that [0,1] > ¢’ — z(¢¢') then
is a geodesic with the value and velocity at ¢ = 0 equal to z and, respectively,
tv. In particular, dlexp, tv]/dt at t =0 equals v while, obviously, exp, 0 = z; in
other words, the differential of the mapping (96.7) at the point 0 € U, is given by

(96.8) d(exp,), = Id: T,M — T, M.

According to Theorem 74.2; there exist a neighborhood U of y in M and a
neighborhood U’ of 0 in T, M such that U’ C U, and exp, : U — U is a
C*-diffeomorphism. Its inverse diffeomorphism may be thought of as a coordinate
system z!,...,2" with the domain U (after one has identified T, M with R",
n = dim M, using any fixed linear isomorphism). A coordinate system obtained as
a local inverse of exp,, is called a normal, or geodesic, coordinate system at z, for
the iven connection V in T'M. Note that if the connection V is torsionfree, its
component functions Fjlk satisfy

(96.9) Ij'lk(x) = 0 in normal coordinates at x.

To see this, note that under the identification U’ ~ U provided by exp,, geodesics
emanating from 0~ x appear as the radial line segments ¢ — tv, and so we have
# = 0. For such a geodesic, the system (22.6) gives, at ¢t = 0, I7,(z)v*v' =0 for
all v, which in view of the symmetry (21.4) implies (96.9).

Problems

1. Given a Lie group G of class C", r > 2, verify that the exponential mapping
(96.3) is of class C"~ 1.

2. For a Lie group G of class C", r > 2, show that the differential d(exp)y at
0 € T1G of the exponential mapping (96.3) coincides with the identity mapping
TG =T, (T1G> — T1G. (Hint below.)

3. Let G be a Lie group of class C", r > 2. Prove that there exists an open set
U C T1G such that 0 € U, exp(U) is an open subset of G and

(96.10) exp : U — exp(U)

is a C"~1 diffeomorphism. (Hint below.)

4. For Lie groups G, H of class C", r > 2, and a C'' homomorphism f : G — H,
show that the restriction of f to a neighborhood exp(U) of 1 chosen as in
Problem 3 is completely determined by f. : T'G — T1H (that is, f, = f for
two such homomorphisms f’, f” implies that f' = f” on exp(U)). (Hint below.)
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5. Given C! curves I 3— a; € G I 23— b, € G in a a Lie group G of class C”
(r > 2), both defined on a common interval I containing 0 and satisfying ag =1,
by =1, verify that

d o
(9611) %atbt :O = ag +bg.

6. For as, by, I and G as in Problem 5, choose U satisfying the condition stated in
Problem 3. Show that

o1 _ . ;
%51(1) n exp”Hash) = ag + by,

where the limit may be one-sided if 0 is an endpoint of I, and ¢ varies in a
sufficiently small subinterval I’ of I containing 0 and such that a:b; € exp(U)
for all t € I’, while exp~! is the inverse mapping of (96.10). (Hint below.)

7. With the same assumptions and notations as in Problem 6, verify that, for any
vectors v,w € TG,

1 1 —1/ tv _tw
v—i—w—tlgr(l)?exp (e’e™™).
Hint. In Problem 2, use (96.5).
Hint. In Problem 3, combine Problem 2 with the inverse mapping theorem (The-
orem 74.2).
Hint. In Problem 4, note that by (96.6) we have, on exp(U),

f=expofioexp .

Hint. In Problem 6, note that the expression under the limit symbol is a difference
quotient, and use (96.11) and the fact that

d(exp™)y = Id,

according to Problem 2 and the statement preceding Problem4.1.

97.
Topics: .

Given a group G whose operation is written as a multiplication, an element
a € G and subsets K,L C G, let usset aK ={ar:x € K} , Ka={za:z € K},
KL={zy:xe€ K,ye€ L} and K~' = {z7! : 2 € K}. Thus, a subgroup of
G is any nonempty subset H C G with HH C H and H~! C H. By a normal
subgroup of G we mean, as usual, a subgroup H C G with aHa~! C H whenever
a € G (that is, aHa=! = H for all @ € G); in other words, a subgroup is called
normal if it is closed under all inner automorphisms of G ((iii) of #12).

For a fixed subgroup H of a group G, the left cosets of H are defined to be all
sets of the form aH for some a € G. They form a disjoint decomposition of G into
a union of subsets, one of which is H . The same is true for the right cosets of H ,
which are the sets of the form Ha with a € G. One easily sees that H is a normal
subgroup if and only if the families of its left and right cosets coincide.

Suppose now that G is a Lie group of class C", 0 < r < w. By the iden-
tity component of G we mean the connected component G of the manifold G,
containing 1 (1 is often called the identity of G). We then have G°G° C G°,
(G971 c G%, and aG% ! C G° for alla € G, as G°G?, (G°)~! and aG%a~!



97 235

are connected subsets of G containing 1 (Problems 3.2, 3.3). The connected com-
ponents of G are nothing else than the left (or right) cosets of G°; this is immediate
from Problem 13.5. Furthermore, G° regarded as an open submanifold of G is a
Lie group of class C" (with the group operation inherited from G; see Problem
14.1). The identity inclusion mapping G° — G now is a C" homomorphism of
Lie groups, inducing as in (12.1) the familiar identification TyG® = T} M , so that,
when 7 > 3, the Lie algebras of G and G are naturally isomorphic.

In other words, the algebraic structure (i.e., isomorphism type) of the Lie alge-
bra g of a Lie group G depends solely on the connected Lie group G°. Thus, the
only conclusions about G that may be expected to follow from assumptions about g
are those that pertain to G° alone. Examples

i. The C¥ Lie group GL (V) for a finite-dimensional vector space V over the
field K of real or complex numbers ((iii) of #5), is connected when K = C,
and has two connected components when K = R and dimV > 0. In the
latter case, the identity component of GL (V'), denoted GL™*(V), consists
of all linear isomorphisms A : V — V with det A > 0. See Problem 14.8.

ii. In particular, the matrix Lie group GL (n, C) is connected, while GL (n,R)
with n > 1 has two components, the one containing the identity being the
group GL™T(n,K) of all real n x n matrices having positive determinants.
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PROBLEMS

14.1. Let H be a subgroup of a Lie group G of class C", r > 0, which at
the same time is an open subset of G . Verify that the group multiplication of G
restricted to the open submanifold formed by H turns H into a Lie group of class
C", and the identity inclusion mapping H — G then is a C” homomorphism of
Lie groups whose differential at 1 is an isomorphism TY'H — Ty M . 14.2. For

a continuous homomorphism f : G — H of Lie groups, show that f(G°) c HC.
14.3. Given a real or complex vector space V' with dimV =n < oo, let B(V') be

the subset of the nth Cartesian power V™ =V x ... x V consisting of all (ordered)
bases of V. Show that, when V" is treated as a vector space (the direct sum of n
copies of V'), the set B(V) is open in V™ and, as an open submanifold of V", B(V)
is C* diffeomorphic to the underlying manifold of the Lie group GL (V). (Hint
below.)14.4. Let V be a real vector space V with dimV =n, 1 < n < c0.

Call two (ordered) bases of V' equivalent if the transition matrix between them
has a positive determinant. Verify that this actually is an equivalence relation and
it has exactly two equivalence classes. (These equivalence classes are called the
orientations of V'.) Show that each connected component of B(V) (Problem 14.3)
is contained in a unique orientation of V. 14.5. Let V be a real or complex vector

space with 1 < dimV =n < oo, carrying a fixed inner product (,) (that is, a posi-
tive-definite form which is bilinear and symmetric or, respectively, sesquilinear and
Hermitian). The orthonormalization e, of a basis v, of V., @ =1,...,n, is defined
by the recursive formula

[ Zwa/lwa|7 Wq = Vo — Z<Umeﬁ>eﬂ'
B<a
Show that the e, is the unique orthonormal basis of V' with (70.1) and
(97.1) (eq,vqa) € (0,00), 1<a<n.

14.6. For V, (,) as in Problem 14.5 and any basis v, of V', prove that the basis

v and its orthonormalization e, lie in the same connected component of B(V)
(notation of Problem 14.3). (Hint below.)14.7. For V', (,) as in Problem 14.5,

show that

i. If V' is complex, any two orthonormal bases of V' can be connected by a
continuous curve in B(V') consisting of orthonormal bases.

ii. If V is real, any two orthonormal bases of V' representing the same orienta-
tion can be joined by a continuous curve in B(V') consisting of orthonormal
bases. (Hint below.)

14.8. Prove the statement of Example (i) above. (Hint below.)

Hint. In Problem 14.3, fix a basis (e, ...,e,) of V and identify each A € GL (V)
with (Aey,...,Ae,) € B(V).

Hint. In Problem 14.6, use the sequence of n+1 bases ¢ = (€1,..., €k, Vkt1y---,Un)
of V, Kk =0,...,n. Note that ¢g = (v1,...,vn), ¢, = (e1,...,€n). Now,
for any k = 0,...,n — 1, formula [0,1] > ¢ — ex(t) = (e1,...,ex, (1 — t)vgy1 +
tek+1,Vk+2,- - -,0n) defines a continuous curve in B(V) connecting ej with epi1 .
The fact that each ex(t) (and e;) is a basis follows since, from (70.1), the first k+1
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vectors of e(t) lie in Span (vy,...,v,41) and the (k + 1)st vector is orthogonal
to e1,...,e, and nonzero (as its inner product with ey is positive by (97.1)).
A continuous curve in B(V) connecting ey with e, can be written in the form
[0,n] 2 s+ es with es = ex(t), where k = [s] is the integer part of s (the largest
integer not exceeding s), t = s — [s], and we set ¢,(0) = e, .

Hint. In Problem 14.7, denote ¢y and e, = (e1,...,€,) two given orthonormal
bases of V', and make them a part of a sequence ¢, k = 0,...,n of n + 1
orthonormal bases, such that each ¢; shares the first k& vectors ey, ..., e, with e, ,

and each e¢x_1, 1 < k < n, can be connected with e¢; by a continuous curve of
orthonormal bases. To achieve this, use induction on k, assuming that 1 < k < n
and eq,...,e; with the stated properties have already been constructed. Thus, e
has the form ey = (e1,..., €%, Vkt1y.-.,Un).

First, suppose that k =n — 1, so v, = zu,, for some scalar z with |z| = 1 (by
orthonormality). In the case where V is real, we have z = +1, and if both original
bases determine the same orientation, then so do the intermediate stages including
¢n—1 (Problem 14.4); thus, z = 1 and ¢, = e¢,_1 can be connected with ¢g. On
the other hand, if V' is complex, the curve [0,¢] > s — (e1,...,ex, €%v,), with
¢ > 0 such that z = e’?, connects e¢,_; with e, .

Now let kK + 1 < n. Thus, we can choose a 2-dimensional subspace W of V'
containing the vectors u = ex41 and v = wvg41, and orthogonal to ey, ..., e;. Let
us also select a scalar z with |z] = 1 and (u, zv) € R (in the real case, we may set
z = 1). There exists an orthonormal basis (u,w) of W with (zv,w) € R; to obtain
w, pick a unit vector in W orthogonal to u, and multiply it by a suitable unit scalar.
Therefore, zv = pu + quw with real scalars p,q. Since p* + ¢ = |zv| = |v| = 1,
we have p = cosf, g = sinf for some 6§ > 0. We can now define a continuous
curve [0,0] 5t — A; € GL (V) of inner-product preserving linear operators in V'
by Ayu = (cost)u — (sint)w, Ayw = (sint)u + (cost)w (so that A,(W) C W), and

A; = Id on the orthogonal complement of W . Thus, Aje; = e1,...,Arer, = €.
A continuous curve of orthonormal bases connecting ¢, to a basis of the form
egr1 = (€1,-.-, €k, ehr1, *,..., *) consists of two stages (segments). The former is
trivial in the real case (a constant curve) and, in the complex case, is given by

[0,0] 25+ (e1,..., ek €5 Vps1,...,e5%0,),
where ¢ > 0 is chosen so that z = €??. The latter (connecting (e, ..., €g, 2Vk11, - -, 20p)
to (e1,-.., €k, Ckr1, *,..., *)) is defined by

[0,0] >t (Ateq,..., Arer, Ae(20k41), - .., At(zv,)) .

Hint. In Problem 14.8, use Problems 14.3, 14.4, 14.6 and 14.7.

98.

Topics:

Given real or complex vector spaces V, W, a mapping F : V — W is called
affine if it is the composite of a linear operator followed by a translation, i.e., there
exist a linear operator A : V — W and a vector b € W with

(98.1) F(z) = Az +b

for all z € V. Such a mapping F is called an affine isomorphism if it is one-to-one
and onto.
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Let V be a finite-dimensional real or complex vector space. The set GA (V') of
all affine isomorphisms V' — V then is a group (Problem 15.1(ii),(iii)). Moreover,
the assignment

(98.2) GA(V)3 F s (Ab) eGL(V) x V

characterized by (98.1) is one-to-one and onto (Problem 15.1(i)), and so it identifies
GA (V) with an open subset of the vector space gl (V) x V. This provides GA (V)
with the structure of a C* manifold. The group structure in GL (V) x V obtained
from that of GA (V') via the identification (98.2) then is given by the multiplication

(98.3) (A, b)(A', 1) = (AA", AV +b),

which is an analytic (in fact, polynomial) function of (A4,b) and (A’,d). The
manifold GA (V) thus becomes a C¥ Lie group. According to (98.2), Example
(i) of #14 and Problems 3.3, 13.5, GA (V) is connected if V' is complex, and has
two connected components when V' is real and V' # {0}. In the latter case we
denote GA™' (V) the identity component of GA™(V); the group GA™ (V) thus
consists of all affine isomorphisms F : V' — V whose “linear part” A has a positive
determinant.

The 2-dimensional Lie group GAT(R) turns out to be the “simplest” (e.g.,
lowest—dimensional) example of a Lie group that is connected but non-Abelian.
See Problem 15.2 and #17.

PROBLEMS

15.1. Let FF: V — W be an affine mapping between real or complex vector
spaces V, W, given by (98.1). Verify that

i. A and bin (98.1) are uniquely determined by F;
ii. F'is an affine isomorphism if and only if A is a linear isomorphism, and then
F~1 is also affine;
iii. Composites of affine mappings are affine;
iv. Affine mappings V' — W with valuewise operations form a vector space.

15.2. Show that the Lie group GA™ (V) is non-Abelian unless V = {0}. 15.3.

Under (98.2), the 2-dimensional Lie group GA™(R) is identified with the half-plane
R = (0,00) x R ={(a,b) : a > 0, b € R}, and the multiplication formula (98.3)
becomes

(98.4) (a,b)(a’,b") = (ad’,ab’ + ).

(Note that GLT(R) = GL™(1,R) = (0,00).) The Lie group R2 is an open
subset of R?, and so its Lie algebra (i.e., tangent space at the unit element) is
canonically identified with the vector space R? itself. Write an explicit formula for
the resulting Lie-algebra multiplication [, ] in R?. (Hint below.)15.4. Given a

a finite-dimensional real or complex vector space V, note that the set ga (V) all
affine mappings V' — V is a vector space closed under the composition (Problem
15.1(iii),(iv)). Do these operations turn ga (V') into an algebra? (Hint below.)15.5.

Let V be a finite-dimensional real or complex vector space with a fixed skew-sym-
metric bilinear mapping V x V' 3 (u,v) — [u,v] € V. Show that any of the
following assumptions implies that V and [, ] constitute a Lie algebra, i.e., the
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Jacobi identity [[u, v], w] + [[v, w],u] + [[w, u],v] = 0 (formula (10.1)) is satisfied by
all u,v,weV:

i dimV <2;

ii. dimV = 3 and (10.1) holds for just one basis (u,v,w) of V.
15.6. Show that in dimension 2 there exist exactly two isomorphism types of
Lie algebras: one Abelian, one non-Abelian. The multiplication [, ] of the latter is
given, in a suitable basis (u,v), by [u,v] = u. Verify that the non-Abelian 2-dimen-
sional real Lie algebra is isomorphic to the Lie algebra of the connected Lie group
GAT(R). 15.7. Let V be an oriented Euclidean 3-space, that is, a real vector

space with dimV = 3, carrying a fixed orientation (Problem 14.4) and a fixed
inner product (,). The vector product [u,v] € V of vectors u,v € V (sometimes
also called the cross product and denoted u x v) is uniquely characterized by
i ([, v]) = (0, [u, o)) = 0.
ii. ([u,], [u,v]) = (u,u)(v,v) — (u,v)2. (This is nonnegative by the Schwarz
inequality, and vanishes only if u,v are linearly dependent.)
ili. If u,v are linearly independent, then the basis (u, v, [u,v]) of V belongs to
the distinguished orientation. (That this is then a basis follows from (ii) and
(i).)
Verify that
(98.5) [u,v] = w
whenever (u,v,w) is an orthonormal basis of V' compatible with the orientation.
15.8. Show that any oriented Euclidean 3-space V', with the corresponding vector
multiplication, is a Lie algebra. (Hint below.)15.9. For V as in Problem 15.8,

prove that the adjoint representation Ad : V' — D(V) of the Lie algebra V ((vii)
of #10) sends V isomorphically onto the Lie subalgebra so (V) defined in Problem
10.3. (Hint below.)15.10. Let V be an oriented Euclidean 3-space. Prove that

every skew-adjoint linear operator A : V' — V consists in a rotation by the right
angle about some axis (a 1-dimensional subspace L of V') followed (or preceded)
by a dilation (multiplication by a scalar A € R). (Hint below.)15.11. Given an

oriented Euclidean 3-space V' with the standard norm | |, so that |v| = /{(v,v),
show that |[u,v]| coincides, for any u,v € V', with the area (i.e., base times height)
of the parallelogram spanned by the vectors v and v. (Hint below.)
Hint. In Problem 15.3, note that (1,0) is the unit element for (98.4), and the
inverse of any (a,b) € R? is
(a? b)_l = (1/@, _b/a’) :

Also, for (a,b),(c,d) € R% and (p,q) € R* = T, ,»R%, we have, according to
(11.3),

(a,6)(p,q) = (ap,aq),  (p,9)(a;b) = (pa,pb+q).
Applying (13.4) to a C? curve t — (a;,b;) € R% defined on an open interval
containing 0 with ag = 1, by = 0, we obtain, for any (p,q) € R? = T(l,o)R?H
[(aO; b0)7 (p7 Q)] = % ‘t:o (a’tv bt)(pa Q)(ata bt)_l = % ‘t:o (pa at(q - pbt)) = (Oa an -
bop) - In other words,

[(z,y), (", y)] = (0,29 - a'y)
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for all (z,v), (2',y') € R?.

Hint. In Problem 15.4, no: distributivity fails (from one side).

Hint. In Problem 15.8, the unique operation [, ] with (i) — (iii) is bilinear and
skew-symmetric since (i) — (iii) are easily verified when [, | is given by the formal-
determinant expression

€1 €2 €3

where ¢; is a fixed orthonormal basis of V' compatible with the orientation and
u = wej, v=1viej. The Jacobi identity now follows from (98.5) and Problem
15.5(i).

Hint. In Problem 15.9, Ad is injective by (98.5) and is valued in skew-adjoint
linear operators V' — V since (v, (Adu)v) = 0 for all u,v € V (Problem 15.7(i)).
Now Ad(V) = so0 (V) since both are 3-dimensional.

Hint. In Problem 15.10, let A: V — V be a nonzero skew-adjoint linear operator
A:V — V. By Problem 15.9, there is a unique (nonzero) vector u € V with Av =
[u,v] for all v € V. Set L = Span (u). Thus, A =0 on L and, by skew-adjointness,
A leaves the plane L' invariant. Considering the matrix of A restricted to L+ in

any orthonormal basis we find that it has the skew-symmetric form {0 with

-2
" o)
some real A, as required.
Hint. In Problem 15.11, we may assume u # 0 # v. The area in question then

equals |u||v]sin @, where 0 is the angle between u and v, characterized by
(u,v) = |ul|v|cos b, 0<f6<m.

Our assertion now follows from condition (ii) of Problem 15.7.

99.

Topics: .

Given a Lie group G of class C", r > 2, an open set D C R? in the plane
R? = {(s,t) : s,t € R} with the coordinates denoted s,¢, and a C! mapping
F:D — H, let us set

OF OF

el T = p~1 2=

ds’ ot’

that is, S,T : D — TG are the mappings given by S(s,t) = [F(s,t)]7! % F(s,t)
(and similarly for T'), where % F(s,t) € Tp(s)G is the velocity at any given s of

the curve I > s — F(s,t) € G (and I is any interval with I x {t} C D). If F is of
class C?, we can also form partial derivatives such as

(99.1) S =F!

8S oT

E s % D — TlG .
On the other hand, [S,T]: D — T1G will denote the mapping with
(99.2) [S,T](s,t) = [S(s, 1), T(s,1)],

[, ] on the right-hand side being the Lie algebra multiplication in the tangent space



99 241

Proposition. Suppose that G is a Lie group of class C", r >3, and F is a C?
mapping from an open set in the s,t-plane into G . In the notations of (99.1) and
(99.2), we then have

oS oT

Proof. We need to show that

Corollary. Given a Lie group G of class C", r > 3, and a C® mapping F from an
open rectangle (0,m) x (—e,¢) in the s,t-plane into G. If, for each s € (d,7), the
curve t — F(s,t) is the restriction to (—¢,¢) of a group homomorphism R — G,
then we have the Jacobi equation

0%S/0t* = [0S/t T].

Proof. The homomorphism assumption means that 95/t = 0 (and F(s,0) =1
for all s). Thus, applying 9/0t to (99.3), we obtain (....).
Consider the function @ : R — R given by
1—e?
if X#£0
o =4 x 7
1, it A=0,

Clearly, @ is analytic and can be expanded into the Taylor series

o= 5
= (k+1)!

convergent everywhere in R. Therefore (see Problems 21...) we can apply @ to
linear operators A : V' — V of any finite-dimensional real vector space V into itself,
obtaining the linear operator Q(A) : V. — V with

(99.4) Q(A) = i (-1)* AF
— (k+1)!

Lemma. Let G and F satisfy the same assumptions as in the Corollary of #20.
Then, setting v(s) = T'(s,t) and w(s) = (05/0t)i=o, and using the notation of
(99.4), we have

(99.5) S(s,t) = t[Q(t Adv(s))w(s) .

Proof. Equation (...) reads

> S(s,t) = —[Adv(s)] 9 S(s,t)
7z S(5t) = v(s)] 5 5(s,1)-
Solving this for 95/0t ( Problem ...), we obtain
0
el — o [Adu(s)]
5 S(s,t) = e w(s).

As S(s,0) = 0, the latter equation can be solved for S(s,t) as in Problem 21....,
which proves (99.5).

Corollary. Given a Lie group G of class C", r > 3, and any vector v € T1G , let
@, : T1'G — T1G be the linear operator given by

@, = d(Le-v 0exp),
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(with the identification T,,(T1G) = T1G). Then
D, = Q(Adv).
In other words, the differential d(exp), : T1G — TevG of the exponential mapping
at any v € T1G is given by
d(exp),w = e’[Q(Adv)w]
for all w € TG .
Proof. Asw = d%‘szo(v + sw), (...) implies P, w = e_”d% ‘5:06““'5“’ . The above
lemma now can be applied to F(s,t) = e"**5%)  Since v(s) = T(s,t) = v+ sw and
w(s) = (0T /0s + [S, T )k=o = w, (by (99.3) with Sk—¢ = 0), we obtain, from (...),
S(s,t) =t[Q(t Adv)]w. Now (...) follows as &, w = S(0,1).
Remark. Note that, according to (...), the differential of exp at v is an isomor-
phism if and only if so is Q(Adwv).

Proposition. Let G be a Lie group of class C", r > 3, and let U C T1G be a
neighborhood of 0 that exp maps diffeomorphically onto a neighborhood of 1 in
G. For any u € T1G, denote u the unique left-invariant vector field on G whose
value at 1 is w. Then, the push-forward (dexp~!)u under exp~! of the restriction
of u to exp(U) is the vector field on U given by

Usve [QAdY)] u.

(Note that the inverse of Q(Adwv) exists, according to the preceding remark.)
Proof. Fix v € U and set w = [(dexp~!)u]Jv. By the chain rule for composite
mappings (p. 10), d(exp),w = u(e?) and so, by (11.5), d(exp),w = e’u. Thus,
(...) implies u = Q(Adv)w, as required.

Theorem. For every Lie group G of class C", r > 3, the maximal C" atlas of
the underlying manifold of G contains a unique maximal C* atlas making G a Lie
group of class C“.

Proof.

PROBLEMS

1. Given a finite-dimensional real associative algebra A with unit, a fixed
element a € A, and an interval I containing 0, show that formula

z(t) = tQ(ta)
defines the unique C*! curve I >t~ x(t) € A with
B(t) =e ', z(0) =0.

2. Given a finite-dimensional real vector space V', a vector w € V', a linear
operator A :V — V| and an interval I containing 0, verify that

u(t) = t[Q(t Adv)w
is the unique C! solution I 3t +— u(t) € A to

u(t) = e tAdvy u(0) =0.
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