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Preface

This book is based on a one-semester course taught since 2002 at Instituto Superior
Técnico (Lisbon) to mathematics, physics and engineering students. Its aim is to
provide a quick introduction to differential geometry, including differential forms,
followed by the main ideas of Riemannian geometry (minimizing properties of
geodesics, completeness and curvature). Possible applications are given in the final
two chapters, which have themselves been independently used for one-semester
courses on geometric mechanics and general relativity. We hope that these will
give mathematics students a chance to appreciate the usefulness of Riemannian
geometry, and physics and engineering students an extra motivation to learn the
mathematical background.

It is assumed that readers have basic knowledge of linear algebra, multivariable
calculus and differential equations, as well as elementary notions of topology and
algebra. For their convenience (especially physics and engineering students), we
have summarized the main definitions and results from this background material at
the end of each chapter as needed.

To help readers test and consolidate their understanding, and also to introduce
important ideas and examples not treated in the main text, we have included more
than 330 exercises, of which around 140 are solved in Chap. 7 (the solutions to the
full set are available for instructors). We hope that this will make this book
suitable for self-study, while retaining a sufficient number of unsolved exercises to
pose a challenge.

We now give a short description of the contents of each chapter.

Chapter 1 discusses the basic concepts of differential geometry: differentiable
manifolds and maps, vector fields and the Lie bracket. In addition, we give a brief
overview of Lie groups and Lie group actions.

Chapter 2 is devoted to differential forms, covering the standard topics: wedge
product, pull-back, exterior derivative, integration and the Stokes theorem.

Riemannian manifolds are introduced in Chap. 3, where we treat the
Levi—Civita connection, minimizing properties of geodesics and the Hopf-Rinow
theorem.
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Chapter 4 addresses the notion of curvature. In particular, we use the powerful
computational method given by the Cartan structure equations to prove the
Gauss—Bonnet theorem. Constant curvature and isometric embeddings are also
discussed.

Chapter 5 gives an overview of geometric mechanics, including holonomic and
non-holonomic systems, Lagrangian and Hamiltonian mechanics, completely
integrable systems and reduction.

Chapter 6 treats general relativity, starting with a geometric introduction to
special relativity. The Einstein equation is motivated via the Cartan connection
formulation of Newtonian gravity, and the basic examples of the Schwarzschild
solution (including black holes) and cosmology are studied. We conclude with a
discussion of causality and the celebrated Hawking and Penrose singularity
theorems, which, although unusual in introductory texts, are very interesting
applications of Riemannian geometry.

Finally, we want to thank the many colleagues and students who read this text,
or parts of it, for their valuable comments and suggestions. Special thanks are due
to our colleague and friend Pedro Girdo.


http://dx.doi.org/10.1007/978-3-319-08666-8_4
http://dx.doi.org/10.1007/978-3-319-08666-8_5
http://dx.doi.org/10.1007/978-3-319-08666-8_6

Contents

1 Differentiable Manifolds. . . . ... .........................
1.1 Topological Manifolds . . .. ....... ... ... .. ... .......
1.2 Differentiable Manifolds. . .. ... .....................
1.3 Differentiable Maps. . . . .......... ...
1.4 Tangent SPace. . . . . ...ttt e
1.5 Immersions and Embeddings. . ... ..... ... ... ... ......
1.6 Vector Fields ... ..... ... ... .. .. .. . . .. . .. . . ... . ...
1.7 Lie Groups . . . . oo oot
1.8 Orientability . .. ...... .. .. .. .. .
1.9  Manifolds with Boundary . . .. .......................
LI0  NOteS . . .o e

1.10.1 Section 1.1 ... ... ... ... . .. . . i
1.10.2 Section 1.2 ... ... .. ... . . ...
1.10.3 Section 1.4 ... ... .. ... . ..
1.104 Section 1.5 ... ... ... .. . . ...
1.10.5 Section 1.7 . .. ... .. . .
1.10.6 Bibliographical Notes. . ... ...................
References . . .. ... .. . . . . ..

2 Differential Forms . . ... ....... ... .. ... ... ... ... ..., ...
2.1 Tensors . . ...
22 Tensor Fields .......... ... ... .. .. . . . . . ...
2.3 Differential Forms . . .. ............. .. ... . ... ......
2.4 Integration on Manifolds . ........... .. ... .. .. .. ....
2.5 Stokes Theorem. . .. ...... ... ... ...,
2.6 Orientation and Volume Forms . . .. ...................
2.7 NOEES . . oot e e

27.1  Section 2.1 ... .. ... e
272  Section 2.4 ... ...

12
14
21
26
34
47
50
53
53
55
56
56
56
58
58

61
62
69
72
78
81
86
88
88
91

vii


http://dx.doi.org/10.1007/978-3-319-08666-8_1
http://dx.doi.org/10.1007/978-3-319-08666-8_1
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec13
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec13
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec13
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec14
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec14
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec14
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec15
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec15
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec15
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec16
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Sec16
http://dx.doi.org/10.1007/978-3-319-08666-8_1#Bib1
http://dx.doi.org/10.1007/978-3-319-08666-8_2
http://dx.doi.org/10.1007/978-3-319-08666-8_2
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec9

viii

Contents

273  Section 2.5 . .. ... 93

2.7.4  Bibliographical Notes. . ... ................... 94
References . . .. ... .. . . . e 94
Riemannian Manifolds. . . . ... ... ... .. ... ... ............ 95
3.1 Riemannian Manifolds . . .. ......................... 96
3.2  Affine Connections . . ........... ...ttt 100
33 Levi-Civita Connection . . ...............ouuienune... 104
3.4  Minimizing Properties of Geodesics. . .. ................ 109
3.5 Hopf-Rinow Theorem . .............. ... ... ... ..... 117
3.6 NOeS. . oottt e 121
3.6.1 Section 3.5 ... .. ... 121

3.6.2 Bibliographical Notes. . ... ................... 122
References . . . ... ... . . . . .. 122
Curvature . . . ........ ... . e 123
4.1 Curvature . . . ... .ot e 124
4.2 Cartan Structure Equations . . . . ....... ... ... ... ...... 132
4.3 Gauss—Bonnet Theorem . .. ......................... 141
4.4  Manifolds of Constant Curvature. . .. .................. 148
4.5 Isometric Immersions. . .. ... .......... ... ... ... ..., 156
4.6 NOES. ...ttt e 163
4.6.1 Section4d.4d ... .. . ... 163

4.6.2 Bibliographical Notes. . ... ................... 163
References . . . ... ... . . . . e 164
Geometric Mechanics. . . . ............ .. ... ... ... .. ..... 165
5.1  Mechanical Systems. . .. ........ .. .. ... e 166
5.2  Holonomic Constraints. . . .. ............c.uuiuron.... 174
53 RigidBody. ....... ... ... 179
5.4  Non-holonomic Constraints. . . . ...................... 195
5.5 Lagrangian Mechanics . . .. ....... ... ... ... ... ... ... 206
5.6  Hamiltonian Mechanics .. ... ....................... 215
5.7  Completely Integrable Systems . . .. ................... 224
5.8 Symmetry and Reduction . . . ....... ... ... ... ... ... .. 233
59 NOteS . . o e 248
59.1 Section 5.1 ....... .. . .. ... ... 248

5.9.2 Bibliographical Notes. . . .. ................... 249
References . . . ... ... . e 250
Relativity. . . . ... ... ... . . . 251
6.1  Galileo Spacetime . . . ....... ... ... 252
6.2  Special Relativity . ........ ... ... ... ... .. . .. ... 254
6.3  The Cartan Connection. . . .. .............uuiuren.... 265


http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_2#Bib1
http://dx.doi.org/10.1007/978-3-319-08666-8_3
http://dx.doi.org/10.1007/978-3-319-08666-8_3
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_3#Bib1
http://dx.doi.org/10.1007/978-3-319-08666-8_4
http://dx.doi.org/10.1007/978-3-319-08666-8_4
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_4#Bib1
http://dx.doi.org/10.1007/978-3-319-08666-8_5
http://dx.doi.org/10.1007/978-3-319-08666-8_5
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_5#Bib1
http://dx.doi.org/10.1007/978-3-319-08666-8_6
http://dx.doi.org/10.1007/978-3-319-08666-8_6
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec4

Contents ix
6.4  General Relativity . . ........... ... .. .. .. .. .. .. ... 266
6.5 The Schwarzschild Solution . . ....................... 272
6.6 Cosmology . . .. ... 284
6.7 Causality ........ .. ... 290
6.8  Hawking Singularity Theorem. . ... ................... 298
6.9  Penrose Singularity Theorem ........................ 311
6.10 NOteS . . .ot v i 318

6.10.1 Bibliographical Notes. . ... ........ ... ... ..... 318
References . . . ... ... . . . e 318
7 Solutions to Selected Exercises . . . ........................ 321
7.1 Chapter 1 ... ... . 321
7.1.1  Section 1.1 ... ... ... . .. . . . e 321
712 Section 1.2 ... ... .. . .. 323
7.1.3 Section 1.3 ... .. ... .. ... 325
714  Section 1.4 .. ... . .. .. ... 326
7.1.5 Section 1.5 .. ... ... .. ... 328
7.1.6  Section 1.6 . ..... ... ... .. ... .. 330
T.1.7  Section 1.7 ... ... .. . e 334
7.1.8 Section 1.8 .. ... .. ... ... ... 338
7.1.9 Section 1.9 ... ... ... ... ... 340
7.2 Chapter 2 . ... ..o 341
72,1 Section 2.1 ... .. ... 341
722  Section 2.2 ... ... 343
723  Section 2.3 ... ... 343
724  Section 2.4 .. ... ... 349
725 Section 2.5 .. ... ... 350
72,6 Section2.6...... .. . . ... 352
7.3  Chapter 3 .. ... 355
731 Section3.1 ....... . . . .. ... 355
732 Section 3.2 ... . ... 358
733 Section 3.3 ... .. ... ... 361
734 Section3.4 ... .. .. ... 370
735 Section3.5 ... .. .. ... 375
7.4  Chapter 4 . . ... 377
741 Section 4.l ...... ... . ... e 377
742  Section 4.2 ... ... 380
743  Section 43 ... ... 384
744  Sectiond.d .. ... ... 387
745 Section 4.5 .. ... ... 391
7.5 Chapter S ... .. 395
751 Section 5.1 .... ... . . .. ... 395
752 Section 52 ... .. ... ... 398

753 Section 5.3 ... .. ... 400


http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_6#Bib1
http://dx.doi.org/10.1007/978-3-319-08666-8_7
http://dx.doi.org/10.1007/978-3-319-08666-8_7
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec1
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec2
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec3
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec4
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec5
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec6
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec7
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec8
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec9
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec10
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec11
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec12
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec13
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec13
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec14
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec14
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec15
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec15
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec16
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec16
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec17
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec17
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec18
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec18
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec19
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec19
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec20
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec20
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec21
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec21
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec22
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec22
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec23
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec23
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec24
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec24
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec25
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec25
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec26
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec26
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec27
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec27
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec28
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec28
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec29
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec29
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec30
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec30
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec31
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec31
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec32
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec32
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec33
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec33

Contents

754 Section 5.4 .. ... ... 404

755 Section 5.5 ... . . .. ... e 409

756 Section 56 ..... ... ... ... 415

757 Section 5.7 .. ... 418

758 Section 58 .. ... ... ... 423

7.6 Chapter 6 .. . ... .t 428
7.6.1 Section 6.1 ....... ... .. .. ... ... 428

7.62 Section 6.2 ... ... .. ... 429

7.63 Section 6.3 ... ... .. . ... 433

7.64 Section 6.4 .. ... ... ... 435

7.6.5 Section 6.5 . ... .. .. ... 437

7.6.6 Section6.6.......... . . . .. ... 443

T7.6.7 Section 6.7 ... ... .. .. 447

768 Section 6.8 ... ... .. . ... ... e 450

7.6.9 Section 69 .... .. .. ... ... 454
Reference. . . .. .. ... . . . e 454
Index . . ... .. . 455


http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec34
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec34
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec35
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec35
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec36
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec36
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec37
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec37
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec38
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec38
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec39
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec39
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec40
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec40
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec41
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec41
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec42
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec42
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec43
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec43
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec44
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec44
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec45
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec45
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec46
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec46
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec47
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec47
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec48
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Sec48
http://dx.doi.org/10.1007/978-3-319-08666-8_7#Bib1

Chapter 1
Differentiable Manifolds

In pure and applied mathematics, one often encounters spaces that locally look like
R", in the sense that they can be locally parameterized by n coordinates: for example,
the n-dimensional sphere §” C R"*!, or the set R x SO(3) of configurations of a
rigid body. It may be expected that the basic tools of calculus can still be used in such
spaces; however, since there is, in general, no canonical choice of local coordinates,
special care must be taken when discussing concepts such as derivatives or integrals
whose definitions in R” rely on the preferred Cartesian coordinates.

The precise definition of these spaces, called differentiable manifolds, and the
associated notions of differentiation, are the subject of this chapter. Although the
intuitive idea seems simple enough, and in fact dates back to Gauss and Riemann,
the formal definition was not given until 1936 (by Whitney).

The concept of spaces that locally look like R” is formalized by the definition
of topological manifolds: topological spaces that are locally homeomorphic to R".
These are studied in Sect. 1.1, where several examples are discussed, particularly in
dimension 2 (surfaces).

Differentiable manifolds are defined in Sect. 1.2 as topological manifolds whose
changes of coordinates (maps from R” to R") are smooth (C°°). This enables the
definition of differentiable functions as functions whose expressions in local coor-
dinates are smooth (Sect. 1.3), and tangent vectors as directional derivative operators
acting on real-valued differentiable functions (Sect. 1.4). Important examples of dif-
ferentiable maps, namely immersions and embeddings, are examined in Sect. 1.5.

Vector fields and their flows are the main topic of Sect. 1.6. A natural differential
operation between vector fields, called the Lie bracket, is defined; it measures the
non-commutativity of their flows and plays a central role in differential geometry.

Section 1.7 is devoted to the important class of differentiable manifolds which are
also groups, the so-called Lie groups. It is shown that to each Lie group one can
associate a Lie algebra, i.e. a vector space equipped with a Lie bracket. Quotients
of manifolds by actions of Lie groups are also treated.

Orientability of a manifold (closely related to the intuitive notion of a surface
“having two sides”) and manifolds with boundary (generalizing the concept of
a surface bounded by a closed curve, or a volume bounded by a closed surface)
© Springer International Publishing Switzerland 2014 1
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2 1 Differentiable Manifolds

are studied in Sects. 1.8 and 1.9. Both these notions are necessary to formulate the
celebrated Stokes theorem, which will be proved in Chap. 2.

1.1 Topological Manifolds

We will begin this section by studying spaces that are locally like R”, meaning that
there exists a neighborhood around each point which is homeomorphic to an open
subset of R".

Definition 1.1 A topological manifold M of dimension n is a topological space
with the following properties:

(i) M is Hausdorff, that is, for each pair p;, p» of distinct points of M there exist
neighborhoods Vi, V, of p; and p; such that Vi NV, = @.
(i1) Each point p € M possesses a neighborhood V homeomorphic to an open
subset U of R”.
(iii) M satisfies the second countability axiom, that is, M has a countable basis for
its topology.

Conditions (i) and (iii) are included in the definition to prevent the topology of
these spaces from being too strange. In particular, the Hausdorff axiom ensures that
the limit of a convergent sequence is unique. This, along with the second countability
axiom, guarantees the existence of partitions of unity (cf. Sect. 7.2 of Chap. 2), which,
as we will see, are a fundamental tool in differential geometry.

Remark 1.2 Tfthe dimension of M is zero then M is a countable set equipped with the
discrete topology (every subset of M is an open set). If dim M = 1, then M is locally
homeomorphic to an open interval; if dim M = 2, then it is locally homeomorphic
to an open disk etc.

Example 1.3

(1) Every open subset M of R" with the subspace topology (that is, U C M is an
open set if and only if U = M N V with V an open set of R") is a topological
manifold.

(2) (Circle) The circle

Slz{(x,y)eR2|x2+y2=1}

with the subspace topology is a topological manifold of dimension 1. Conditions
(i) and (iii) are inherited from the ambient space. Moreover, for each point p € S!
there is at least one coordinate axis which is not parallel to the vector 7, normal
to S' at p. The projection on this axis is then a homeomorphism between a
(sufficiently small) neighborhood V of p and an interval in R.
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(a) (b)

Fig. 1.1 a S!: b $2; ¢ Torus of revolution

(3) (2-sphere) The previous example can be easily generalized to show that the
2-sphere

s ={eny 0 e R 7 +y? 422 =1}

with the subspace topology is a topological manifold of dimension 2.

(4) (Torus of revolution) Again, as in the previous examples, we can show that the
surface of revolution obtained by revolving a circle around an axis that does not
intersect it is a topological manifold of dimension 2 (Fig.1.1).

(5) The surface of a cube is a topological manifold (homeomorphic to 52).

Example 1.4 We can also obtain topological manifolds by identifying edges of cer-
tain polygons by means of homeomorphisms. The edges of a square, for instance,
can be identified in several ways (see Figs. 1.2 and 1.3):

(1) (Torus) The torus T2 is the quotient of the unit square Q = [0, 112 c R? by the
equivalence relation

x,y)~&x+1Ly)~Ey+1),

equipped with the quotient topology (cf. Sect. 1.10.1).
(2) (Klein bottle) The Klein bottle K2 is the quotient of Q by the equivalence
relation
) ~x+Ly)~d=x,y+1).
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(a)

Y

12

0
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(b)

Fig. 1.2 a Torus (72); b Klein bottle (K?)

Fig. 1.3 Projective plane (RP2)

(3) (Projective plane) The projective plane R P2 is the quotient of Q by the equiv-
alence relation

x,y)~x+1L,1—-y)~0A—-x,y+1).

Remark 1.5

(1) The only compact connected 1-dimensional topological manifold is the circle
S! (see [Mil97]).

(2) The connected sum of two topological manifolds M and N is the topologi-
cal manifold M#N obtained by deleting an open set homeomorphic to a ball
on each manifold and gluing the boundaries, which must be homeomorphic
to spheres, by a homeomorphism (cf. Fig. 1.4). It can be shown that any com-
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Fig. 1.4 Connected sum of two tori

(a)

y

12

y

(b)

\

2

|

Fig. 1.5 a Cylinder; b Mobius band

pact connected 2-dimensional topological manifold is homeomorphic either to
$2 or to connected sums of manifolds from Example 1.4 (see [Bl096, Mun00]).

If we do not identify all the edges of the square, we obtain a cylinder or a
Mobius band (cf. Fig. 1.5). These topological spaces are examples of manifolds with
boundary.

Definition 1.6 Consider the closed half space
H" = {(xl,...,x”) e R" | x" 20}.

A topological manifold with boundary is a Hausdorff space M, with a countable
basis of open sets, such that each point p € M possesses a neighborhood V' which
is homeomorphic either to an open subset U of H"\OH", or to an open subset U
of H", with the point p identified to a point in OH". The points of the first type are
called interior points, and the remaining are called boundary points.
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@ (b

Fig. 1.6 Mobius band inside a Klein bottle; b Real projective plane

12

Fig. 1.7 Disk inside the real projective plane

The set of boundary points OM is called the boundary of M, and is a manifold
of dimension (n — 1).

Remark 1.7

1. Making a paper model of the Mobius band, we can easily verify that its boundary
is homeomorphic to a circle (not to two disjoint circles), and that it has only one
side (cf. Fig. 1.5).

2. Both the Klein bottle and the real projective plane contain Md&bius bands
(cf. Fig.1.6). Deleting this band on the projective plane, we obtain a disk
(cf. Fig. 1.7). In other words, we can glue a Mobius band to a disk along their
boundaries and obtain R P2,

Two topological manifolds are considered the same if they are homeomorphic.
For example, spheres of different radii in R® are homeomorphic, and so are the two
surfaces in Fig. 1.8. Indeed, the knotted torus can be obtained by cutting the torus
along a circle, knotting it and gluing it back again. An obvious homeomorphism is
then the one which takes each point on the initial torus to its final position after cutting
and gluing (however, this homeomorphism cannot be extended to a homeomorphism
of the ambient space R?).

Exercise 1.8

(1) Which of the following sets (with the subspace topology) are topological mani-
folds?

@ D*={(x.y) eR*|x*+)* <1}
(®) S\ {p}(p € 57
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Fig. 1.8 Two homeomorphic topological manifolds

(@)
3)

“

(&)

© $*\{p.q)(p,q €S p#q)
@ {(x, 5,20 eR | x*+y* =1}
e {(x,y,2) e R} [x?+y? =22}

Which of the manifolds above are homeomorphic?

Show that the Klein bottle K2 can be obtained by gluing two Mobius bands
together through a homeomorphism of the boundary.

Show that:

(a) M#S% = M for any 2-dimensional topological manifold M
(b) RP*#RP? = K?;
(c) RP2#T? = RP2#K?.

A triangulation of a 2-dimensional topological manifold M is a decomposition
of M in a finite number of triangles (i.e. subsets homeomorphic to triangles in
RR?) such that the intersection of any two triangles is either a common edge, a
common vertex or empty (it is possible to prove that such a triangulation always
exists). The Euler characteristic of M is

xM) =V —-E+F,

where V, E and F are the number of vertices, edges and faces of a given trian-
gulation (it can be shown that this is well defined, i.e. does not depend on the
choice of triangulation). Show that:

(a) adding a vertex to a triangulation does not change x(M);

(b) x(8?) =2
(©) x (7% =0;
d x (k%) =0;

@ x(RP?) =1
(f) X(M#N) = x(M) + x(N) — 2.

1.2 Differentiable Manifolds

Recall that an n-dimensional topological manifold is a Hausdorff space with a count-
able basis of open sets such that each point possesses a neighborhood homeomorphic
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M
Pa ¥B
R™ R™
95" © P
Ua ©at o wg Us

Fig. 1.9 Parameterizations and overlap maps

to an open subset of R”. Each pair (U, ¢), where U is an open subset of R" and
¢ :U — pU) C M is ahomeomorphism of U to an open subset of M, is called a
parameterization. The inverse ¢! is called a coordinate system or chart, and the
set(U) C M iscalled acoordinate neighborhood. When two coordinate neighbor-
hoods overlap, we have formulas for the associated coordinate change (cf. Fig. 1.9).
The idea to obtain differentiable manifolds will be to choose a sub-collection of
parameterizations so that the coordinate changes are differentiable maps.

Definition 2.1 An n-dimensional differentiable or smooth manifold is a topolog-
ical manifold of dimension n and a family of parameterizations ¢, : Uy, — M
defined on open sets U, C R", such that:

(i) the coordinate neighborhoods cover M, that is, | J,, o (Us) = M;
(ii) for each pair of indices «, 3 such that

W = @a(Uy) N @ﬁ(U@) # J,

the overlap maps

05" 0 a0y (W) — o5 (W)
0ol ows oy (W) — o' (W)

are C°;

(iii) the family A = {(U,, pq)} is maximal with respect to (i) and (ii), meaning

thatif g : Up — M is a parameterization such that ¢ o wand ! o @ are

C° for all ¢ in A, then (U, ¢p) is in \A.
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Remark 2.2

ey
(@)

3

Any family A = {(Uq, @)} that satisfies (i) and (i) is called a C*°-atlas for M.
If A also satisfies (iii) it is called a maximal atlas or a differentiable structure.
Condition (iii) is purely technical. Given any atlas A = {(Uq, ¢a)} on M,
there is a unique maximal atlas 4 containing it. In fact, we can take the set
A of all parameterizations that satisfy (i7) with every parameterization on A.
Clearly A C .A and one can easily check that A satisfies (i) and (ii). Also, by
construction, A is maximal with respect to (i) and (ii). Two atlases are said to
be equivalent if they define the same differentiable structure.

We could also have defined C¥-manifolds by requiring the coordinate changes
to be C*-maps (a C°-manifold would then denote a topological manifold).

Example 2.3

ey

@)

(€)

“

)

The space R" with the usual topology defined by the Euclidean metric is a Haus-
dorff space and has a countable basis of open sets. If, for instance, we consider
a single parameterization (R", id), conditions (i) and (i7) of Definition 2.1 are
trivially satisfied and we have an atlas for R”. The maximal atlas that contains this
parameterization is usually called the standard differentiable structure on R”.
We can of course consider other atlases. Take, for instance, the atlas defined by
the parameterization (R", ¢) with ¢(x) = Ax for a nonsingular (n x n)-matrix
A. It is an easy exercise to show that these two atlases are equivalent.

It is possible for a manifold to possess non-equivalent atlases: consider the two
atlases {(R, ¢1)} and {(R, )} on R, where 1 (x) = x and 5 (x) = x3. As the
map ¢, LS 1 is not differentiable at the origin, these two atlases define differ-
ent (though, as we shall see, diffeomorphic) differentiable structures [cf. Exer-
cises2.5(4) and 3.2(6)].

Every open subset V of a smooth manifold is a manifold of the same dimension.
Indeed, as V is a subset of M, its subspace topology is Hausdorff and admits a
countable basis of open sets. Moreover, if A = {(U,, )} is an atlas for M and
we take the U,, for which <pa(Uu) NV # @, itis easy to check that the family
of parameterizations A= {(U(y, go(y|U )} where U, = ¢, 1(V), is an atlas for
V.

Let M, «, be the set of n x n matrices with real coefficients. Rearranging the
entries along one line, we see that this space is just ]R”z, and so it is a manifold.
By Example 3, we have that GL(n) = {A € M;x, | detA # 0} is also a
manifold of dimension n2. In fact, the determinant is a continuous map from
M« to R, and G L(n) is the preimage of the open set R\{0}.

Let us consider the n-sphere

S = [(xl, ...,x"“) e R | (x1)2+~-~+ (X"H)z = l]

and the maps
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o :UCR' - §"
(xl,...,x") — (xl,...,x"fl,g(xl,...,x"),xi,...,x"),
o; :UCR" — §"
(xl,...,x") — (xl,...,xi_l,—g(xl,...,x”),xi,...,x”),

where s
U= {(xl,...,x") e R" | (xl) +~-~+(x”)2 <1}

and
o) = (1 () )

Being a subset of R"*!, the sphere (equipped with the subspace topology) is a
Hausdorff space and admits a countable basis of open sets. It is also easy to check
that the family {(U, ¢, (U, <pl_)}l”:1] is an atlas for $”, and so this space is
a manifold of dimension n (the corresponding charts are just the projections on
the hyperplanes x = 0).

We can define an atlas for the surface of a cube 9 C R? making it a smooth
manifold: Suppose the cube is centered at the origin and consider the map f :
Q0 — 2 defined by f(x) = x/||x||. Then, considering an atlas {(U,, @)} for
$2, the family {(U,, f~' o )} defines an atlas for Q.

Remark 2.4 There exist topological manifolds which admit no differentiable struc-
tures at all. Indeed, Kervaire presented the first example (a 10-dimensional manifold)
in 1960 [Ker60], and Smale constructed another one (of dimension 12) soon after
[Sma60]. In 1956 Milnor [Mil07] had already given an example of a 8-manifold
which he believed not to admit a differentiable structure, but that was not proved
until 1965 (see [Nov65]).

Exercise 2.5

ey
(@)

3
“

)

Show that two atlases A1 and A, for a smooth manifold are equivalent if and
only if A} U Aj is an atlas.

Let M be a differentiable manifold. Show that a set V. C M is open if and only
if <p;1 (V) is an open subset of R” for every parameterization (U, ¢,) of a C*®
atlas.

Show that the two atlases on R” from Example2.3(1) are equivalent.

Consider the two atlases on R from Example 2.3(2), {(R, 1)} and {(R, ©2)},
where ¢1(x) = x and pr(x) = x3. Show that ©y Lo 1 is not differentiable at
the origin. Conclude that the two atlases are not equivalent.

Recall from elementary vector calculus that a surface S C R3 is a set such
that, for each p € S, there is a neighborhood V), of p in R? and a C*° map
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fp : U, — R (where U, is an open subset of R?) such that S N V), is the graph
of z = fp(x,y),orx = fp(y,2),0ory = fp(x,z). Show that S is a smooth
manifold of dimension 2.

(6) (Product manifold) Let {(Uq, 9a)}, {(V3, 13)} be two atlases for two smooth
manifolds M and N. Show that the family {(U, x Vg, o X 1)} is an atlas
for the product M x N. With the differentiable structure generated by this atlas,
M x N is called the product manifold of M and N.

(7) (Stereographic projection) Consider the n-sphere S” with the subspace topology
andlet N = (0,...,0,1)and S = (0, ..., 0, —1) be the north and south poles.
The stereographic projection from N is the map 7y : S"\{N} — R" which
takes a point p € S"\{N} to the intersection point of the line through N and
p with the hyperplane x"*! = 0 (cf. Fig.1.10). Similarly, the stereographic
projection from S is the map 7g : S"\{S} — R” which takes a point p on
S™\{S} to the intersection point of the line through S and p with the same
hyperplane. Check that {(R", 77;11), (R", wEl)} is an atlas for §”. Show that this
atlas is equivalent to the atlas on Example2.3(5). The maximal atlas obtained
from these is called the standard differentiable structure on S”.

(8) (Real projective space) The real projective space R P” is the set of lines through
the origin in R"*!. This space can be defined as the quotient space of S” by the
equivalence relation x ~ —x that identifies a point to its antipodal point.

(a) Show that the quotient space RP" = §"/ ~ with the quotient topology
is a Hausdorff space and admits a countable basis of open sets. (Hint: Use
Proposition 10.2).

(b) Considering the atlas on S” defined in Example2.3(5) and the canonical
projection 7 : S” — RP" given by 7(x) = [x], define an atlas for RP".

(9) We can define an atlas on RP” in a different way by identifying it with the
quotient space of R"T1\ {0} by the equivalence relation x ~ Ax, with A € R\{0}.
For that, consider the sets V; = {[xl, R x”“] | xt # O} (corresponding to the

Fig. 1.10 Stereographic projection
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set of lines through the origin in R”*! that are not contained on the hyperplane
x' = 0) and the maps ¢; : R" — V; defined by

i (xl,...,x") = [xl,...,x’_l,1,x’,...,x”].

Show that:

(a) the family {(R", ¢;)} is an atlas for RP";
(b) this atlas defines the same differentiable structure as the atlas on Exer-
cise 2.5(8).

(10) (A non-Hausdorffmanifold) Let M be the disjoint union of R with a point p and
consider the maps f; : R — M (i = 1, 2) defined by f;(x) = x if x € R\{0},
f1(0) =0 and f>(0) = p. Show that:

(a) the maps fi_l o f; are differentiable on their domains;
(b) if we consider an atlas formed by {(R, f1), (R, f>)}, the corresponding
topology will not satisfy the Hausdorff axiom.

1.3 Differentiable Maps

In this book the words differentiable and smooth will be used to mean infinitely
differentiable (C°).

Definition 3.1 Let M and N be two differentiable manifolds of dimension m and
n, respectively. Amap f : M — N is said to be differentiable (or smooth, or C*°)
at a point p € M if there exist parameterizations (U, ) of M at p (i.e. p € p(U))
and (V, ) of N at f(p), with f(p(U)) C ¥(V), such that the map

f::qp_lofogo:UCRm—)Rn

is smooth (Fig. 1.11).
The map f is said to be differentiable on a subset of M if it is differentiable at
every point of this set.

As coordinate changes are smooth, this definition is independent of the parame-
terizations chosen at f(p) and p. The map f =y lofop:UCR" - R'is
called a local representation of f and is the expression of f on the local coordi-
nates defined by ¢ and 4. The set of all smooth functions f : M — N is denoted
C°°(M, N), and we will simply write C*°(M) for C*°(M, R).

A differentiable map f : M — N between two manifolds is continuous [cf.
Exercise 3.2(2)]. Moreover, it is called a diffeomorphism if it is bijective and its
inverse f~! : N — M is also differentiable. The differentiable manifolds M and
N will be considered the same if they are diffeomorphic, i.e. if there exists a dif-
feomorphism f : M — N. A map f is called a local diffeomorphism at a point
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M N

e
@, I

Fig. 1.11 Local representation of a map between manifolds

p € M if there are neighborhoods V of p and W of f(p) such that f|y : V — W
is a diffeomorphism.

For a long time it was thought that, up to a diffeomorphism, there was only one
differentiable structure for each topological manifold (the two different differentiable
structures in Exercises2.5(4) and 3.2(6) are diffeomorphic—cf. Exercise3.2(6).
However, in 1956, Milnor [Mil56] presented examples of manifolds that were
homeomorphic but not diffeomorphic to S7. Later, Milnor and Kervaire [Mil59,
KM63] showed that more spheres of dimension greater than 7 admitted several dif-
ferentiable structures. For instance, S'° has 73 distinct smooth structures and S3!
has 16,931, 177. More recently, in 1982 and 1983, Freedman [Fre82] and Gompf
[Gom83] constructed examples of non-standard differentiable structures on R4,

Exercise 3.2

(1) Prove that Definition 3.1 does not depend on the choice of parameterizations.

(2) Show that a differentiable map f : M — N between two smooth manifolds is
continuous.

(3) Show thatif f : My — M; and g : M>» — M3 are differentiable maps between
smooth manifolds M1, M> and M3, then go f : M| — Mas is also differentiable.

(4) Show that the antipodal map f : S* — S”, defined by f(x) = —x, is differ-
entiable.

(5) Using the stereographic projection from the north pole 7y : §? \ {N} — R?
and identifying R? with the complex plane C, we can identify S with C U {oo},
where o0 is the so-called point at infinity. A Mobius transformation is a map
f:CU{o0} - CU {0} of the form

az+b
cz+d

f@)=

’
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where a, b, ¢, d € C satisfy ad — bc # 0 and oo satisfies

for any a € C\ {0}. Show that any Mobius transformation f, seen as a map
f . Sz —> Sz, is a dlffeomorphlsm (Hint: Start by showing that any Mobius transformation is a
composition of transformations of the form g(z) = % and h(z) = az + b).

(6) Consider again the two atlases on R from Example2.3(2) and Exercise2.5(4),
{(R, 1)} and {(R, ¢2)}, where ¢1(x) = x and 2 (x) = x3. Show that:

(a) the identity map i : (R, ¢1) — (R, ©7) is not a diffeomorphism;

(b) the map f : (R, ¢1) — (R, >) defined by f(x) = x> is a diffeomor-
phism (implying that although these two atlases define different differen-
tiable structures, they are diffeomorphic).

1.4 Tangent Space

Recall from elementary vector calculus that a vector v € R? is said to be tangent to
asurface S C R atapoint p € S if there exists a differentiable curve ¢ : (—¢, €) —
S C R3 such that ¢(0) = p and ¢(0) = v [cf. Exercise2.5(5)]. The set 7),S of all
these vectors is a 2-dimensional vector space, called the tangent space to S at p,
and can be identified with the plane in R3 which is tangent to S at p (Fig. 1.12).

To generalize this to an abstract n-dimensional manifold we need to find a descrip-
tion of v which does not involve the ambient Euclidean space R3. To do so, we notice
that the components of v are

. d(x'oc)
L

== "),
v o O
where x' : R — R is the ith coordinate function. If we ignore the ambient space,
x' . § — Ris just a differentiable function, and

v = v(xi),
where, for any differentiable function f : § — R, we define

=a'(foc)

v(f): o

0).

This allows us to see v as an operator v : C*®°(S) — R, and it is clear that this
operator completely determines the vector v. It is this new interpretation of tangent
vector that will be used to define tangent spaces for manifolds.
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Fig. 1.12 Tangent vector to a surface

Definition 4.1 Letc : (—¢, ) — M be a differentiable curve on a smooth manifold
M. Consider the set C*°(p) of all functions f : M — R that are differentiable at
¢(0) = p. The tangent vector to the curve c at p is the operator ¢(0) : C*°(p) — R
given by

) d(foc)

cO)(f) = d—(O)-

t

A tangent vector to M at p is a tangent vector to some differentiable curve c :
(—e,e) — M with ¢(0) = p. The tangent space at p is the space T, M of all
tangent vectors at p.

Choosing a parameterization ¢ : U C R" — M around p, the curve c is given
in local coordinates by the curve in U

&) = (cp_l oc) (t) = (xl(t),...,x”(z)),

and

e
d(f o d

O)(f) = (f C)<0> " (fosa)O(cﬂl )

97 (¢

Ox!

(o x"(r)))lH):Z

d_
(Z “(0) ) )(f).
o~ (p)
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Hence we can write

A 9
¢(0)y= ) x'(0) (—,) ,
; Ox »

Ox!
at p given in local coordinates by

where (i) denotes the operator associated to the vector tangent to the curve ¢;
p

() = (xl,...,xi_l,xi +t,xi+l,...,x"),

with (xl, e x”) = (p).

Example 4.2 The map 1) : (0, 7) x (—m, ) — S given by

(6, ¢) = (sin 6 cos , sin @ sin p, cos H)

™

parameterizes a neighborhood of the point (1,0,0) = 1 (7, 0). Consequently,

1o} . ) .
(0_9)(1,0’0) = ¢p(0) and (‘%)(1,0,0) = ¢, (0), where

co(t) = b (g +1, 0) — (cost, 0, — sin1);

T
co(t) = 1) (5, t) — (cost, sint, 0).
Note that, in the notation above,

59(t)=(g+t,0) and éw(t)z(g,t).

Moreover, since ¢y and ¢, are curves in R3, (%) and (ai) can be
(1,0,0) %/ (1,0,0)

identified with the vectors (0, 0, —1) and (0, 1, 0).
Proposition 4.3 The tangent space to M at p is an n-dimensional vector space.

Proof Consider a parameterization ¢ : U C R” — M around p and take the vector

space generated by the operators (%) ,
P

0 0
Dp = Span[(ﬁ)p, ey (axn)p].

It is easy to show [cf. Exercise4.9(1)] that these operators are linearly independent.
Moreover, each tangent vector to M at p can be represented by a linear combination
of these operators, so the tangent space T), M is a subset of D,,. We will now see that
D, C TyM.Letv € D,; then v can be written as
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n ) a
v = Zv’ (—) .
i=1 Ox! p

If we consider the curve ¢ : (—¢, €) — M, defined by
c(t)y =¢ (xl +olt, X+ v”t)

(where (x!,...,x") = ¢~ (p)), then

() = (xl +olt, " +v”t)

and so %' (0) = v, implying that ¢(0) = v. Therefore v € T, M. O
Remark 4.4
n
(1) The basis [ (%) ] determined by the chosen parameterization around p is
Pli=1

called the associated basis to that parameterization.

(2) Note that the definition of tangent space at p only uses functions that are differ-
entiable on a neighborhood of p. Hence, if U is an open set of M containing p,
the tangent space T, U is naturally identified with 7, M.

If we consider the disjoint union of all tangent spaces 7}, M at all points of M, we
obtain the space
T™™M= ) T,M={veT,M|peM),
pPEM

which admits a differentiable structure naturally determined by the one on M
[cf. Exercise4.9(8)]. With this differentiable structure, this space is called the tan-
gent bundle. Note that there is a natural projection m : TM — M which takes
v e TpMto p (cf. Sect.1.10.3).

Now that we have defined tangent space, we can define the derivative at a point
p of a differentiable map f : M — N between smooth manifolds. We want this
derivative to be a linear transformation

@f)p: TpyM — Ty N
of the corresponding tangent spaces, to be the usual derivative (Jacobian) of f when

M and N are Euclidean spaces, and to satisfy the chain rule.

Definition 4.5 Let f : M — N be a differentiable map between smooth manifolds.
For p € M, the derivative of f at p is the map

(df)p TyM — TN

= d(foc)(o
dt

v

),
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where ¢ : (—¢, €) — M is a curve satisfying c¢(0) = p and ¢(0) = v.

Proposition 4.6 The map (df), : TyM — Tyrp)N defined above is a linear trans-
formation that does not depend on the choice of the curve c.

Proof Let (U, ¢) and (V, ) be two parameterizations around p and f(p) such
that f(p(U)) C (V) (cf. Fig.1.13). Consider a vector v € T,M and a curve
c:(—¢,€) = M suchthatc(0) = p and ¢(0) = v. If, in local coordinates, the curve

¢ is given by
0= (¢ o) = (x' ...k ),
and the curve v := f oc: (—¢, &) — N is given by
0= (v 07) ) = (v o fop) (x'(.....x" ()
= (). e@).

then (0) is the tangent vector in T,y N given by

¥(0) = ’ZI% (yi (xl(t), ...,xm(t)))lt_o (%)
=1 =

f(p)

B n m iy % i
£ @] (2),,

i=1 Lk=1
- ok (i>(x(0))] (—) ,
;[; Ok Nt
N
o | @)
Rn
/ﬂtﬁ\

Fig. 1.13 Derivative of a differentiable map



1.4 Tangent Space 19

where the v are the components of v in the basis associated to (U, ¢). Hence +(0)
does not depend on the choice of ¢, as long as ¢(0) = v. Moreover, the components
of w = (df)p(v) in the basis associated to (V, ) are

i

“=5 3

oxJ
of f at ¢~!(p)). Therefore, (df) p  TpyM — Ty N is the linear transformation
which, on the basis associated to the parameterizations ¢ and v, is represented by
this matrix. (]

where (04) is an n X m matrix (the Jacobian matrix of the local representation

Remark 4.7 The derivative (df) , is sometimes called differential of f at p. Several
other notations are often used for df, as for example f,, Df, Tf and f’.

Example 4.8 Let ¢ : U C R" — M be a parameterization around a point p € M.
We can view ¢ as a differentiable map between two smooth manifolds and we can
compute its derivative at x = ¢~ (p)

dp)y : TxU — TpyM.
For v € T,U = R", the ith component of (dy), (v) is

,, .
oxt
—v/ =

~ OxJ

Jj=1

(where (gx ) is the identity matrix). Hence, (d¢), (v) is the vector in T, M which,

in the basis [ (%) ] associated to the parameterization ¢, is represented by v.
P
Given a differentiable map f : M — N we can also define a global derivative
df (also called push—forward and denoted f,) between the corresponding tangent
bundles:

df :TM — TN
TyM 5 v > (df)p(v) € TypN.

Exercise 4.9

9

Ox!

(2) Let M be a smooth manifold, p a point in M and v a vector tangent to M at p.
Show that if v can be written as v = >/, a’ (i)p andv =1, b ( 3y )

(1) Show that the operators ( ) are linearly independent.

Ox!
for two basis associated to different parameterizations around p, then
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n .
bl = a—y{ai.

,lax’

=

Let M be an n-dimensional differentiable manifold and p € M. Show that the
following sets can be canonically identified with 7}, M (and therefore constitute
alternative definitions of the tangent space):

(a) Cp/ ~, where C, is the set of differentiable curves ¢ : I C R — M such
that ¢(0) = p and ~ is the equivalence relation defined by

cp~e & % (¢_1 001) 0) = % (sO_] 002) 0)

for some parameterization ¢ : U C R” — M of a neighborhood of p.
() {(a,va) | p € pa(Us)and v, € R"}/ ~, where A = {(Uq, pa)} is the
differentiable structure and ~ is the equivalence relation defined by

(@,v) ~ (B v5) @ vs =d (5" 0 0a) (o).
‘ Yo (P)
(Chain rule) Let f : M — N and g : N — P be two differentiable maps. Then
go f: M — P isalso differentiable [cf. Exercise 3.2(3)]. Show that for p € M,

(d(go f)p=(dgsp)o@f)p.

Let ¢ : (0,400) x (0, 7) x (0,2m) — R3 be the parameterization of U =
R3 \ {(x,0,z2) | x > 0and z € R} by spherical coordinates,

o(r, 8, ) = (rsinfcos p, rsinfsin @, r cos d).

Determine the Cartesian components of a%’ % and 8% at each point of U.
Compute the derivative (df)y of the antipodal map f : $” — S” at the north
pole N.

Let W be a coordinate neighborhood on M, let x : W — R" be a coordinate
chart and consider a smooth function f : M — R. Show that for p € W, the
derivative (df), is given by

of of
df)p = gfl(x(p)) (dxl)p oot 2wy (ax")

ox"
where f = fox L.
(Tangent bundle) Let {(U,, )} be a differentiable structure on M and consider
the maps
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@a:quRn—) M
(x,v) — (d@a)x(v) € T‘Pa(x)M‘

Show that the family {(U, x R", ®,,)} defines a differentiable structure for 7 M.
Conclude that, with this differentiable structure, 7 M is a smooth manifold of
dimension 2 x dim M.

(9) Let f : M — N be adifferentiable map between smooth manifolds. Show that:

(a) df : TM — TN is also differentiable;
(b) if f: M — M is the identity map then df : TM — TM is also the

identity;
(c) if f is a diffeomorphism then df : TM — TN is also a diffeomorphism
and (df)~' =df L.

(10) Let My, M, be two differentiable manifolds and

m M x My — M,
T My x My —> M>

the corresponding canonical projections.

(a) Show that dm; x dmp is a diffeomorphism between the tangent bundle
T (M) x M3) and the product manifold 7T M| x T M>.

(b) Show that if N is a smooth manifold and f; : N — M; (i = 1,2) are
differentiable maps, then d( f; x f2) = df1 x df>.

1.5 Immersions and Embeddings

In this section we will study the local behavior of differentiable maps f : M — N
between smooth manifolds. We have already seen that f is said to be a local diffeo-
morphism at a point p € M if dim M = dim N and f transforms a neighborhood
of p diffeomorphically onto a neighborhood of f(p). In this case, its derivative
df)p : TyM — Tpp)N must necessarily be an isomorphism [cf. Exercise 4.9(9)].
Conversely, if (df), is an isomorphism then the inverse function theorem implies
that f is a local diffeomorphism (cf. Sect. 1.10.4). Therefore, to check whether f
maps a neighborhood of p diffeomorphically onto a neighborhood of f(p), one just
has to check that the determinant of the local representation of (df’), is nonzero.

When dim M < dim N, the best we can hope foris that (df), : TyM — Ty, N
is injective. The map f is then called an immersion at p. If f is an immersion at
every point in M, it is called an immersion. Locally, every immersion is (up to a
diffeomorphism) the canonical immersion of R into R"” (m < n) where a point
(x',...,x™)is mapped to (x!,...,x™, 0,...,0). This result is known as the local
immersion theorem.
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Theorem 5.1 Let f : M — N be an immersion at p € M. Then there exist local
coordinates around p and f(p) on which f is the canonical immersion.

Proof Let (U, ¢) and (V, 1)) be parameterizations around p and ¢ = f(p). Let
us assume for simplicity that ¢(0) = p and 1(0) = ¢. Since f is an immersion,
(df)o R™ — R” is injective (where f =1~ o f o ¢ is the expression of f in
local coordinates). Hence we can assume (changing basis on R” if necessary) that
this linear transformation is represented by the n x m matrix

Im xXm

0

9

where I, x, is the m x m identity matrix. Therefore, the map

F:UxR'™ 5 R"
(xl,...,x”) — f(xl,...,xm>+(O,...,O,xm+l,...,x”),

has derivative (d F)g : R" — R" given by the matrix

Lysm | 0
-———+-—- = Iyxn.
0 | I(nfm)x(nfm)

Applying the inverse function theorem, we conclude that F is a local diffeomorphism
at 0. This implies that ) o F is also a local diffeomorphism at 0, and so ¢ o F'is
another parameterization of N around g. Denoting the canonical immersion of R™
intoR" by j,wehave f = Foj < f =1oFojoy ! implying that the following
diagram commutes:

M > o) L woF)V)C N

e TYoF

R" 5T L  VcR
(for possibly smaller open sets U Cc UandV C V).Hence, on these new coordinates,
f is the canonical immersion. O

Remark 5.2 As a consequence of the local immersion theorem, any immersion at a
point p € M is an immersion on a neighborhood of p.

When an immersion f : M — N is also a homeomorphism onto its image
f(M) C N with its subspace topology, it is called an embedding. We leave as an
exercise to show that the local immersion theorem implies that, locally, any immer-
sion is an embedding.
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95)

Y

Fig. 1.14 Injective immersion which is not an embedding

Example 5.3

(1) Themap f : R — R? given by f(1) = ( 2) is not an immersion at ¢t = 0.

(2) Themap f : R — R? defined by f(t) = (cost, sin 2¢) is an immersion but it is
not an embedding (it is not injective).

(3) Letg: R — Rbe the function g(¢) = 2 arctan(z) + 7 /2. If f is the map defined
in (5.3) then i := f o g is an injective immersion which is not an embedding.
Indeed, the set S = A (R) in Fig. 1.14 is not the image of an embedding of R
into R2. The arrows in the figure mean that the line approaches itself arbitrarily
close at the origin but never self-intersects. If we consider the usual topologies
on R and on R?, the image of a bounded open set in R containing 0 is not an
open set in i (R) for the subspace topology, and so 2! is not continuous.

(4) Themap f : R — R? given by f(r) = (¢ cost, ¢’ sint) is an embedding of R
into R?.

If M C N and the inclusion map i : M — N is an embedding, M is said to be
a submanifold of N. Therefore, an embedding f : M — N maps M diffeomorphi-
cally onto a submanifold of N. Charts on f (M) are just restrictions of appropriately
chosen charts on N to f (M) [cf. Exercise 5.9(3)].

A differentiable map f : M — N for which (df), is surjective is called a
submersion at p. Note that, in this case, we necessarily have m > n. If f is a
submersion at every point in M it is called a submersion. Locally, every submersion
is the standard projection of R™ onto the first n factors.

Theorem 5.4 Let f : M — N be a submersion at p € M. Then there exist local
coordinates around p and f (p) for which f is the standard projection.

Proof Letus consider parameterizations (U, ¢) and (V, 1) around p and f (p), such
that f(go(U)) CY(V), ¢0) = pand (0) = f(p). In local coordinates f is given
by f =9~ o foyand, as (df)p is surjective, (df)o R™ — R”" is a surjective
linear transformation. By a linear change of coordinates on R” we may assume that
(d f )o = (Inxn | *) As in the proof of the local immersion theorem, we will use
an auxiliary map F that will allow us to use the inverse function theorem,
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F:UCR"—>R"
(xl,...,xm) — (fA(xl,...,xm) ,x"+l,...,xm).
Its derivative at O is the linear map given by

Lixn | *
dFo=|-=—+-—~
0 | I(mfn)x(mfn)

The inverse function theorem then implies that F is a local diffeomorphism at 0,
meaning that it maps some open neighborhood of this point Ucu, diffeomorphi-
cally onto an open set W of R” containing 0. If 7; : R” — R”" is the standard
projection onto the first n factors, we have 7y o F = f , and hence

foF '=nm:W->R"\

Therefore, replacing ¢ by % := ¢ o F~!, we obtain coordinates for which f is the
standard projection 7y onto the first n factors:

w_lofo@:dj_lofogooF_l:foF_lzm.
O

Remark 5.5 This result is often stated together with the local immersion theorem in
what is known as the rank theorem (see for instance [Boo03]).

Let f : M — N be adifferentiable map between smooth manifolds of dimensions
m and n, respectively. A point p € M is called a regular point of f if (df), is
surjective. A point ¢ € N is called a regular value of f if every point in f~!(g)
is a regular point. A point p € M which is not regular is called a critical point of
f. The corresponding value f(p) is called a critical value. Note that if there exists
a regular value of f then m > n. We can obtain differentiable manifolds by taking
inverse images of regular values.

Theorem 5.6 Let g € N be a regular value of f : M — N and assume that the
levelset L := f~Y(q) = {p € M | f(p) = q} is nonempty. Then L is a submanifold
of M and T,L =ker(df), C TyM forall p € L.

Proof For each point p € f~1(g), we choose parameterizations (U, ) and (V, 1)
around p and ¢ for which f is the standard projection 7; onto the first n factors,
p(0) = p and ¥(0) = g (cf. Theorem 5.4). We then construct a differentiable
structure for L := f~!(g) in the following way: take the sets U from each of these
parameterizations of M; since f o ¢ = 1) o 7, we have
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(@) = (v @) =7
= {(O,...,O,x"“,...,xm) |x"+1,...,xm GR},

and so _
U::go_l(L)z{(xl,...,xm) eU|x1=-~-=x”=O};

hence, taking m : R™ — R7", the standard projection onto the last m — n factors,
and j : R"™" — R™, the immersion given by

j(xl,...,xm_") = (0,...,0,x1,...,xm_"),

the family {(Wz(ﬁ), @ o j)}is an atlas for L.
Moreover, the inclusion map i : L — M is an embedding. In fact, if A is an open
set in L contained in a coordinate neighborhood then

A =¢((R” x (@oj)_l(A)) mU) nL

is an open set for the subspace topology on L.

We will now show that T}, L = ker (df) . For that, for each v € T}, L, we consider
a curve ¢ on L such that ¢(0) = p and ¢(0) = v. Then (f o c)(t) = g for every ¢
and so

d
= (fe0 ) =05 df),c0) =df)pv=0.

implying that v € ker (df),. As dim T, L = dim (ker (df),,) = m — n, the result
follows. (I

Given a differentiable manifold, we can ask ourselves if it can be embedded into
RX for some K € N. The following theorem, which was proved by Whitney in
[Whid4a, Whi44b] answers this question and is known as the Whitney embedding
theorem.

Theorem 5.7 (Whitney) Any smooth manifold M of dimension n can be embedded
in R** (and, provided that n > 1, immersed in R**~1). (|

Remark 5.8 By the Whitney embedding theorem, any smooth manifold M of dimen-
sion n is diffeomorphic to a submanifold of R,

Exercise 5.9

(1) Show that any parameterization ¢ : U C R” — M is an embedding of U into
M.

(2) Show that, locally, any immersion is an embedding, i.e. if f : M — N is an
immersion and p € M, then there is an open set W C M containing p such that
flw is an embedding.
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(3) Let N be a manifold. Show that M C N is a submanifold of N of dimension m
if and only if, for each p € M, there is a coordinate system x : W — R" around
pon N, for which M N W is defined by the equations x"*! = ... = x" = 0.

(4) Consider the sphere

"= [x e R" (xl)z +- 4 ()c"“)2 = 1].

Show that S” is an n-dimensional submanifold of R"*! and that
T, S" = {v e R | (x,v) = 0} ,

where (-, -) is the usual inner product on R”.

(5) Let f : M — N beadifferentiable map between smooth manifolds and consider
submanifolds V C M and W C N. Show thatif f(V) C Wthen f : V - W
is also a differentiable map.

(6) Let f : M — N be an injective immersion. Show that if M is compact then
f (M) is a submanifold of N.

1.6 Vector Fields

A vector field on a smooth manifold M is a map that to each point p € M assigns a
vector tangent to M at p:

X M—->TM
p— X(p)=X,eT,M.

The vector field is said to be differentiable if this map is differentiable. The set of
all differentiable vector fields on M is denoted by X(M). Locally we have:

Proposition 6.1 Let W be a coordinate neighborhood on M (that is, W = @(U)
for some parameterization ¢ : U — M), and let x = ¢~ : W — R” be the
corresponding coordinate chart. Then a map X : W — TW is a differentiable
vector field on W if and only if,

1 0 n 9
Xp =X (p)(ﬁ) +o b X (p)(axn)
p p

for some differentiable functions X' : W — R (i =1, ..., n).

Proof Let us consider the coordinate chart x = (x',...,x"). As X, € T,M, we
have
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0
ox" »

for some functions X’ : W — R. In the local chart associated with the parameteri-
zation (U x R", dp) of T M, the local representation of the map X is

X(xl,...,x”)=(x1,...,x”,X1 (xl,...,x"),...,X"(xl,...,x”)).

Therefore X is differentiable if and only if the functions X’ : U — R are differen-
tiable, i.e. if and only if the functions X' : W — R are differentiable. O

0
Xp = XI(P) (W) +'~-+Xn(P)(
p

A vector field X is differentiable if and only if, given any differentiable function
f : M — R, the function

X - f:M—->R
p= Xp- fi=Xp(f)

is also differentiable [cf. Exercise 6.11(1)]. This function X - f is called the direc-
tional derivative of f along X. Thus one can view X € X(M) as a linear operator
X:C®(M) — C>®(M).

Let us now take two vector fields X, Y € X(M). In general, the operators X o Y
and Y o X will involve derivatives of order two, and will not correspond to vector
fields. However, the commutator X o Y — Y o X does define a vector field.

Proposition 6.2 Given two differentiable vector fields X, Y € X(M) on a smooth
manifold M, there exists a unique differentiable vector field Z € X(M) such that

Z-f=XoY—-YoX)-f
for every differentiable function f € C*°(M).

Proof Considering a coordinate chart x : W € M — R”", we have

X:,;XW and Y:ZYW.

i=1

Then,

n 6f
XoY—-YoX)-f =X-( Yz_i) ( xi 1)
; Ox Z ox

=3 r) g () )
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" S O f
xX/y! a—_— '€ —
+ Z“( OxJ Oxt OxJ Oxt

i,j=1

:(Zn:(x.yi—y-xi)%)-f,

i=1

and so, at each point p € W,onehas (X oY —Y o X) - f)(p) = Z,, - f, where

zpzzn:(x.yf—y-xi)(p)(%)

i=1 p

Hence, the operator X o Y — Y o X defines a vector field. Note that this vector
field is differentiable, as (X o Y — Y o X) - f is smooth for every smooth function
f:M—R O

The vector field Z is called the Lie bracket of X and Y, and is denoted by [X, Y.
In local coordinates it is given by

(X, Y]:Zn:(x-yi—y.xf) ;. (1.1)

i
i=1

We say that two vector fields X, Y € X(M) commute if [X, Y] = 0. The Lie
bracket as has the following properties.

Proposition 6.3 Given X, Y, Z € X(M), we have:
(i) Bilinearity: for any a, 8 € R,

[aX + BY, Z] = ol X, Z] + BIY, Z]
[X, oY + BZ] = o[ X, Y] + (IX, Z];

(i) Antisymmetry:

(iii) Jacobi identity:
[[X, Y], Z] + (Y, Z], X] + [[Z, X], Y] = O;
(iv) Leibniz rule: For any f, g € C*®(M),
[f X, 9Y]=fglX, Y]+ f(X -9)Y —g(Y - [)X.

Proof Exercise 6.11(2). O

The space X(M) of vector fields on M is a particular case of a Lie algebra:
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Definition 6.4 A vector space V equipped with an antisymmetric bilinear map [ -, -] :
V x V — V (called a Lie bracket) satisfying the Jacobi identity is called a Lie
algebra. A linear map F' : V — W between Lie algebras is called a Lie algebra
homomorphism if F ([vy, v2]) = [F(vy), F(vp)] forall vy, v2 € V.If F is bijective
then it is called a Lie algebra isomorphism.

Given a vector field X € X(M) and a diffeomorphism f : M — N between
smooth manifolds, we can naturally define a vector field on N using the derivative
of f. This vector field, the push-forward of X, is denoted by f, X and is defined in
the following way: given p € M,

(f*X)f(p) = (df)po-
This makes the following diagram commute:

df
TM = TN

X1 1t AX

M—f>N

Let us now turn to the definition of an integral curve. If X € X (M) is a smooth
vector field, an integral curve of X is a smooth curve ¢ : (—¢,€) — M such that
¢(t) = Xc()- If this curve has initial value ¢(0) = p, we denote it by ¢, and we say
that c,, is an integral curve of X at p.

Considering a parameterization ¢ : U C R" — M on M, the integral curve ¢
is locally given by é := ¢~ ! o ¢. Applying (d(p’l)c(,) to both sides of the equation
defining ¢, we obtain ] .

ct)y=X (é(t)) ,
where X = do~! o X o ¢ is the local representation of X with respect to the para-
meterizations (U, ) and (TU, d¢) on M and on T M (cf. Fig. 1.15). This equation
is just a system of n ordinary differential equations:

Al

‘;—ct(z) = X' (é(n), fori=1,...,n. (1.2)

The (local) existence and uniqueness of integral curves is then determined by
the Picard-Lindelof theorem of ordinary differential equations (see for example
[Arn92]), and we have

Theorem 6.5 Let M be a smooth manifold and let X € X(M) be a smooth vector
field on M. Given p € M, there exists an integral curve ¢, : I — M of X at
p (that is, ¢,(t) = Xe, ) fort € I = (—¢,¢) and c,(0) = p). Moreover, this
curve is unique, meaning that any two such curves agree on the intersection of their
domains. (]
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Fig. 1.15 Integral curves of a vector field

This integral curve, obtained by solving (1.2), depends smoothly on the initial
point p (see [Arn92]).

Theorem 6.6 Let X € X(M). For each p € M there exists a neighborhood W of
p, an interval I = (—¢, €) and a mapping F : W x I — M such that:

(i) fora fixed q € W the curve F(q,t), t € I, is an integral curve of X at q, that
is, F(q,0) = q and 9L (q. 1) = X p(g.0);
(ii) the map F is differentiable. (I

The map F : W x I — M defined above is called the local flow of X at p. Let
us now fix # € I and consider the map

P W —> M
q = F(g,t) =c4@).
defined by the local flow. The following proposition then holds:

Proposition 6.7 The maps i, : W — M above are local diffeomorphisms and

satisfy
(W1 0 5)(q) = Yi45(q), (1.3)
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whenevert,s,t +s € I and s(q) € W.

Proof First we note that

dey
?(Z) = Xe,(0)

and so 4
E(Cq(t +s)) = ch(tJrs)-

Hence, as ¢, (1 +5)[i1=0 = ¢4 (s), the curve Cey(s) (t)isjustcy (t+s), thatis, Y;45(q) =
U (Y5 (q)). We can use this formula to extend 1) to Y3 (W) for all s € [ such that
t+s € I.In particular, 1/_, is well defined on v, (W), and (¢)—; o ¥;)(g) = o(q) =
¢q(0) = g forall ¢ € W. Thus the map v_, is the inverse of 1),, which consequently
is a local diffeomorphism (it maps W diffeomorphically onto its image). (]

A collection of diffeomorphisms {¢); : M — M };cj, where I = (—¢, ¢), satisfying
(1.3)is called a local 1-parameter group of diffeomorphisms. When the interval of
definition I of ¢, is R, this local 1-parameter group of diffeomorphisms becomes a
group of diffeomorphisms. A vector field X whose local flow defines a 1-parameter
group of diffeomorphisms is said to be complete. This happens for instance when
the vector field X has compact support.

Theorem 6.8 If X € X(M) is a smooth vector field with compact support then it is
complete.

Proof For each p € M we can take a neighborhood W and an interval I = (—¢, €)
such that the local flow of X at p, F(g,t) = c4(t), is defined on W x I. We
can therefore cover the support of X (which is compact) by a finite number of
such neighborhoods W and consider an interval Iy = (—¢g, €9) contained in the
intersection of the corresponding intervals Ii. If g is notin supp(X), then X, = 0 and
s0¢y (t) is trivially defined on Io. Hence we can extend the map F' to M x Ip. Moreover,
condition (1.3) is true for each —¢¢/2 < s,t < £0/2, and we can again extend the
map F, this time to M x R. In fact, for any r € R, we can write t = keg/2 + s,
where k € Z and 0 < s < €p/2, and define F(q, t) := Fk(F(q, s), €0/2). U

Corollary 6.9 If M is compact then all smooth vector fields on M are complete. [
We finish this section with an important result.

Theorem 6.10 Let X1, X2 € X(M) be two complete vector fields. Then their flows

V1, Y2 commute (i.e. Y1 o Yy = Yo 0 Y1y for all s,t € R) if and only if
[X1, X2]=0.

Proof Exercise 6.11(13). O
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Exercise 6.11
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Let X : M — T M be a differentiable vector field on M and, for a smooth
function f : M — R, consider its directional derivative along X defined by

X-f:M—-R
pr Xp- f.

Show that:

@ (X-)(p) = @f)pXy:
(b) the vector field X is smooth if and only if X - f is a differentiable function
for any smooth function f : M — R;
(c) the directional derivative satisfies the following properties: for f,g €
C®(M) and a € R,
O X-(f+9=X-f+X-g
i) X-(af) =alX - f)
(i) X-(fo=fX-g+g9X- f.
Prove Proposition 6.3.

Show that (R3, x) is a Lie algebra, where x is the cross product on R3.
Compute the flows of the vector fields X, ¥, Z € X(R?) defined by

X Y 0 + Z 9 + 0
D) = T, ) = X — —; = —y— xX—.
(x,y) ax (x,y) ax yay (x,y) yax ay
Let X1, X», X3 € X(R3) be the vector fields defined by
X 1o} 0 X 0 0 X 0 0
= —_— — I, = _—— _x—, = X— — -,
=Y 7%y T % e T8y T Vs

where (x, y, z) are the usual Cartesian coordinates.

(a) Compute the Lie brackets [X;, X ;] fori, j =1, 2, 3.

(b) Show that span{Xi, X2, X3} is a Lie subalgebra of Z{(R3), isomorphic to
(R3, ).

(c) Compute the flows 11, V21, Y3, of X1, X2, X3.

(d) Show that 1/%’,% o@bj’% + 7/1]',% Oiﬁi,g fori # j.

Give an example of a non-complete vector field.

Let N be a differentiable manifold, M C N a submanifold and X, Y € X(N)
vector fields tangent to M, i.e. such that X, Y, € T,M for all p € M. Show
that [X, Y] is also tangent to M, and that its restriction to M coincides with the
Lie bracket of the restrictions of X and Y to M.

Let f : M — N be a smooth map between manifolds. Two vector fields
X € X(M)and Y € X(N) are said to be f-related (and we write Y = £, X) if,
foreachq € N and p € f~'(q) C M, we have (df),X, = Y,. Show that:
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(a) given f and X it is possible that no vector field Y is f-related to X;

(b) the vector field X is f-related to Y if and only if, for any differentiable
function g defined on some open subset W of N, (Y -g)o f =X - (go f)
on the inverse image £~ (W) of the domain of g;

(c) for differentiable maps f : M — N and g : N — P between smooth
manifolds and vector fields X € X(M),Y € X(N)and Z € X(P), if X is
f-related to Y and Y is g-related to Z, then X is (g o f)-related to Z.

(9) Let f : M — N be a diffeomorphism between smooth manifolds. Show that
f+[X, Y] = [fX, fiuY] forevery X, Y € X(M). Therefore, f, induces a Lie
algebra isomorphism between X(M) and X(N).

(10) Let f : M — N be a differentiable map between smooth manifolds and
consider two vector fields X € X(M) and Y € X(N). Show that:

(a) if the vector field Y is f-related to X then any integral curve of X is mapped
by f into an integral curve of Y;

(b) the vector field Y is f-related to X if and only if the local flows Fx and Fy
satisfy f (Fx(p,t)) = Fy (f(p), t) for all (¢, p) for which both sides are
defined.

(11) (Lie derivative of a function) Given a vector field X € X(M), we define the
Lie derivative of a smooth function f : M — R in the direction of X as

Lx f(p):= di ((fov)(p)
t lr=0
where 1y = F(-,t), for F the local flow of X at p. Show that Ly f = X - f,
meaning that the Lie derivative of f in the direction of X is just the directional
derivative of f along X.
(12) (Lie derivative of a vector field) For two vector fields X, Y € X(M) we define
the Lie derivative of Y in the direction of X as

d
LxY := E((w_»*Y)‘ )

=0
where {1 };¢y is the local flow of X. Show that:

(a) LxY =[X,Y];
(b) Lx[Y,Z]l=I[LxY, Z]1+ Y, LxZ], for X, Y, Z € X(M);
(¢) LyoLy—LyoLx = Lixy].

(13) Let X,Y € X(M) be two complete vector fields with flows v, ¢. Show that:

(a) given a diffeomorphism f : M — M, we have f, X = X if and only if
foty=1vY,0 fforalltr eR;
(b) Y 0o pg = ps 0 forall s,t € Rif and only if [X, Y] = 0.
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1.7 Lie Groups

A Lie group G is a smooth manifold which is at the same time a group, in such a
way that the group operations

GxG— G an G—> G
(g, h) = gh =" g —g!

are differentiable maps (where we consider the standard differentiable structure of
the product on G x G — cf. Exercise 2.5(6)).

Example 7.1

(1) (R", +) is trivially an abelian Lie group.
(2) The general linear group

G L(n) = {n x n invertible real matrices}

is the most basic example of a nontrivial Lie group. We have seen in Exam-
ple2.3(4) that it is a smooth manifold of dimension n%. Moreover, the group
multiplication is just the restriction to

GL(n) x GL(n)

of the usual multiplication of n x n matrices, whose coordinate functions are
quadratic polynomials; the inversion is just the restriction to G L(n) of the usual
inversion of nonsingular matrices which, by Cramer’s rule, is a map with rational
coordinate functions and nonzero denominators (only the determinant appears
on the denominator).

(3) The orthogonal group

O(n) ={A € Myuxy | A'A = 1}

of orthogonal transformations of R” is also a Lie group. We can show this by

considering the map f : A — A’A from My, = R" to the space Sy xn =

1 . . L. .
R21(HD of symmetric n X n matrices. Its derivative atapoint A € O (n), (df)4,
is a surjective map from TqAMx, = My onto Tr4)Spxn = Spxn- Indeed,

A+hB)— f(A
(df)A(B):;}iEBf( + h) f(A)

. (A+hB)Y(A+hB)—A'A
= lim

h—0 h
= B'A+ A'B,
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and any symmetric matrix S can be written as B’ A+ A’ B with B = %(A_1 )'S =
%AS . In particular, the identity / is a regular value of f and so, by Theorem 5.6,
we have that O (n) = f_1 (I is a submanifold of M,, ,, of dimension %n(n —1).
Moreover, it is also a Lie group as the group multiplication and inversion are
restrictions of the same operations on G L(n) to O (n) (a submanifold) and have
values on O (n) [cf. Exercise 5.9(5)].

The map f : GL(n) — R given by f(A) = det A is differentiable, and the
level set £~1(1) is

SL(n) = {A € Muxy | det A = 1},

the special linear group. Again, the derivative of f is surjective at a point
A € GL(n), making SL(n) into a Lie group. Indeed, it is easy to see that

det(I +hB) —det] _
: -

tr B

(df)i(B) = lim

implying that

. det(A+hB) —detA
(df)a(B) = 1}136 ;
. (det A)det (I + hA™'B) —det A
hl—r>no h
det (I +hA™'B) — 1
h
= (det A) (df);(A"'B) = (det A) tr(A™' B).

= (det A) Ii
(@et ) fm

Since det (A) = 1, for any k € R, we can take the matrix B = %A to obtain
(df)a(B) =tr (%I) = k. Therefore, (df) 4 is surjective for every A € SL(n),
and so 1 is a regular value of f. Consequently, SL(n) is a submanifold of
G L(n). As in the preceding example, the group multiplication and inversion are
differentiable, and so SL(n) is a Lie group.

The map A +— det A is a differentiable map from O (n) to {—1, 1}, and the level
set f “I(1) is

SOn)={A e O(n)|detA =1},

the special orthogonal group or the rotation group in R”, which is then an
open subset of O (n), and therefore a Lie group of the same dimension.

We can also consider the space M, ., (C) of complex n x n matrices, and the
space G L(n, C) of complex n x n invertible matrices. This is a Lie group of real
dimension 2n2. Moreover, similarly to what was done above for O (n), we can
take the group of unitary transformations on C",
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Un) ={A € Muxn(C) | A*A = 1},

2

where A* is the adjoint of A. This group is a submanifold of M, (C) = C" =
Rz”z, and a Lie group, called the unitary group. This can be seen from the fact
that 7 is a regular value of the map f : A — A*™A from M,,«,(C) to the space
of self-adjoint matrices. As any element of M, (C) can be uniquely written
as a sum of a self-adjoint with an anti-self-adjoint matrix, and the map A — i A
is an isomorphism from the space of self-adjoint matrices to the space of anti-
self-adjoint matrices, we conclude that these two spaces have real dimension
% dimp M, (C) = n?. Hence, dim U (n) = n.
(7) The special unitary group

SUmn) ={AecU®m)|detA =1},

is also a Lie group now of dimension n? — 1 (note that A > det (A) is now a
differentiable map from U (n) to S b.

As aLie group G is, by definition, a manifold, we can consider the tangent space
at one of its points. In particular, the tangent space at the identity e is usually denoted
by

g:=T1,G.
For g € G, we have the maps
L,:G— G Ry:G— G
his g 24 hish-g

which correspond to left multiplication and right multiplication by g.
A vector field on G is called left-invariant if (L)X = X forevery g € G, that
is,
((Lg)*X)gh = Xgp or (dLg)hXh = Xgn,

for every g, h € G. There is, of course, a vector space isomorphism between g and
the space of left-invariant vector fields on G that, to each V € g, assigns the vector
field XV defined by

X) = (dLy).V,

for any g € G. This vector field is left-invariant as

(dL)nX) = (dLn(dLp)eV = (d(Lg o Lp))eV = (dLgn).V = X,.
Note that, given a left-invariant vector field X, the corresponding element of g is X,.
As the space X (G) of left-invariant vector fields is closed under the Lie bracket of

vector fields (because, from Exercise 6.11(9) (Lg)«[X, Y] = [(Ly)+X, (Lg)+Y]),
it is a Lie subalgebra of the Lie algebra of vector fields (see Definition 6.4).
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The isomorphism X7 (G) = g then determines a Lie algebra structure on g. We
call g the Lie algebra of the Lie group G.

Example 7.2

(1) If G = GL(n), then gl(n) = T;GL(n) = M, is the space of n x n matrices
with real coefficients, and the Lie bracket on gl(n) is the commutator of matrices

[A,B] = AB — BA.

In fact, if A, B € gl(n) are two n X n matrices, the corresponding left-invariant
vector fields are given by

X} = (dLy)(4) =D x*a "f

ik,j
XP =Ly, (B) = Zx’kbkf
ik,j

where g € GL(n) is a matrix with components x%. The ij-component of
(X4, XB], is given by X - (XB)1/ — XB . (x4 ie.

» 9 i
0w = (X a2 ) (500
k

l,m,p
_ Ipppm Y Z ik kj
Z x’b axlm ( X
l,m,p
z P al™ ;1 81mb" — Z PP S kma’l
k,,m,p k,l,m,p
— inp(apmbmj _ bpmamj)
m,p
= inP(AB — BA)PI
p

(where §;; = 1ifi = jand §;; = 0if i # j is the Kronecker symbol). Making
g = I, we obtain
[A, B] = [X4, XB]; = AB — BA.

From Exercise 6.11(7) we see that this will always be the case when G is a matrix
group, that is, when G is a subgroup of G L(n) for some n.

(2) If G = O(n) then its Lie algebra is

0(n) = {A € Myxn | A" + A =0}.



38

3

“

)

(6)

1 Differentiable Manifolds

In fact, we have seen in Example 7.1(3) that O (n) = f —1(I), where the identity
I is a regular value of the map

[ i Mpxn = Spxn
A A'A.

Hence, o(n) = T1G = ker(df); = {A € Myx, | A + A = 0} is the space of
skew-symmetric matrices.
If G = SL(n) then its Lie algebra is

sl(n) = {A € Myxn | rA = 0}.

In fact, we have seen in Example7.1(4) that SL(n) = f’l(l), where 1 is a
regular value of the map

f i Muxn — R
A detA.

Hence, sl(n) = T;G = ker(df); = {A € M, x, | tr A = 0} is the space of
traceless matrices.
IfG=500m)={A € O(n) | det A = 1}, then its Lie algebra is
so(n) =T;SO(n) =T;0(n) = o(n).

Similarly to Example 7.2(2), the Lie algebra of U (n) is

u(n) = {A € Myxn(C) | A* + A =0J,
the space of skew-hermitian matrices.
To determine the Lie algebra of SU (n), we see that SU (n) is the level set £ ~1(1),
where f(A) = det A, and so

su(n) = ker(df); = {A € u(n) | tr(A) = 0}.

We now study the flow of a left-invariant vector field.

Proposition 7.3 Let F be the local flow of a left-invariant vector field X at a point
h € G. Then the map 1), defined by F (that is, |, (g) = F (g, t)) satisfies ; = Ry, (e).
Moreover, the flow of X is globally defined for all t € R.

Proof For g € G, Ry,()(9) = g - ¢:(e) = Ly(3;(e)). Hence,

Ryye)(9) =g-e=g
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and

d d d
= (Ryye)(9) = = (Lg(hr(€))) = (dLg)y,(e) (E(wz(e)))

= (dLg)ys0) (X)) = Xge)
= XRz,*L't((')(g)’

implying that Ry, ) (g) = ¢4(t) = 1,(g) is the integral curve of X at g. Consequently,
if ¢ (e) is defined for ¢t € (—¢, ), then v;(g) is defined for r € (—¢,¢) and g € G.
Moreover, condition (1.3) in Sect. 1.6 is true for each —¢/2 < s,t < /2 and we can
extend the map F to G xR as before: forany t € R, we writet = ke /2+s wherek € Z
and 0 < s < /2, and define F (g, t) :== FX(F(q,s),c/2) = gF (e, s)F¥(e,£/2).0

Remark 7.4 A homomorphism F : G| — G> between Lie groups is called a Lie
group homomorphism if, besides being a group homomorphism, it is also a differ-
entiable map. Since

Vits(€) = s (hi(€)) = Ry e)¥i(e) = hi(e) - s (e),

the integral curve ¢ — ;(e) defines a group homomorphism between (R, +) and
(G, ).

Definition 7.5 The exponential map exp : ¢ — G is the map that, to each V € g,
assigns the value v (e), where 1) is the flow of the left-invariant vector field X v,

Remark 7.6 1If c4(t) is the integral curve of X at g and s € R, it is easy to check
that cy(st) is the integral curve of sX at g. On the other hand, for V € g one has
XV =sX". Consequently,

Yi(e) = ce(t) =c(t-1) = F(e, 1) = exp (1V),

where F is the flow of 1 XV = X'V

Example 7.7 1f G is a group of matrices, then for A € g,
0 Ak
A
— LA _ -
expA =e¢” = Z Tk
k=0
In fact, this series converges for any matrix A and the map h(t) = e/’ satisfies
hO0)y=¢e" =1

dh "
0 =eMA=hnA.

Hence, & is the flow of X# at the identity (that is, 2(f) = 1;(e)), and so exp A =
Pie) = et
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Let now G be any group and M be any set. We say that G acts on M if there is
a homomorphism ¢ from G to the group of bijective mappings from M to M, or,
equivalently, writing
P(9)(p) = A(g. p).

if there is a mapping A : G x M — M satisfying the following conditions:

(1) if e is the identity in G, then A(e, p) = p, Vp € M,
(i) if g, h € G, then A(g, A(h, p)) = A(gh, p), Yp € M.

Usually we denote A(g, p) by g - p.

Example 7.8

(1) LetGbeagroupand H C G asubgroup. Then H acts on G by left multiplication:
A(h,g)=h-gforhe H,g € G.

(2) GL(n) acts on R” through A - x = Ax for A € GL(n) and x € R". The same
is true for any subgroup G C GL(n).

For each p € M we can define the orbitof pastheset G- p:={g-p | g € G}.
If G- p = {p} then p is called a fixed point of G. If there is a point p € M whose
orbit is all of M (i.e. G - p = M), then the action is said to be transitive. Note that
when this happens, there is only one orbit and, for every p, g € M with p # ¢, there
is always an element of the group g € G such that ¢ = g - p. The manifold M is
then called a homogeneous space of G. The stabilizer (or isotropy subgroup) of a
point p € M is the group

Gy,=1{9€Glg-p=p}

The action is called free if all the stabilizers are trivial.

If G is a Lie group and M is a smooth manifold, we say that the action is smooth
if the map A : G x M — M is differentiable. In this case, the map p > g- pisa
diffeomorphism. We will always assume the action of a Lie group on a differentiable
manifold to be smooth. A smooth action is said to be proper if the map

GXM-—-> MxM
(9, p) = (9 -p,p)

is proper (recall that a map is called proper if the preimage of any compact set is
compact—cf. Sect. 1.10.5).

Remark 7.9 Note that a smooth action is proper if and only if, given two convergent
sequences {p,} and {g, - p,} in M, there exists a convergent subsequence {gy, } in
G. If G is compact this condition is always satisfied.

The orbits of the action of G on M are equivalence classes of the equivalence
relation ~ given by p ~ g & g € G - p (cf. Sect. 1.10.1). For that reason, the
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quotient (topological) space M/ ~ is usually called the orbit space of the action,
and denoted by M/G.

Proposition 7.10 [f the action of a Lie group G on a differentiable manifold M is
proper; then the orbit space M /G is a Hausdorff space.

Proof The relation p ~ g & g € G - p is an open equivalence relation
(cf. Sect. 1.10.1). Indeed, since p +> g- p is ahomeomorphism, the set 7~ (7 (U)) =
{g-plpeUandg € G} = UgeG g - U is an open subset of M for any open set
U in M, meaning that w(U) is open (here 7 : M — M /G is the quotient map).
Therefore we just have to show that the set

R={(p,g)eM xM|p~q}

is closed (cf. Proposition 10.2). This follows from the fact that R is the image of the
map

GXM-—> MxM
(9. p) = (9-p,p)

which is continuous and proper, hence closed (cf. Sect. 1.10.5). ]

Under certain conditions the orbit space M /G is naturally a differentiable mani-
fold.

Theorem 7.11 Let M be a differentiable manifold equipped with a free proper action
of a Lie group G. Then the orbit space M /G is naturally a differentiable manifold of
dimension dim M — dim G, and the quotient map 7w : M — M /G is a submersion.

Proof By the previous proposition, the quotient M /G is Hausdorff. Moreover, this
quotient satisfies the second countability axiom because M does so and the equiva-
lence relation defined by G is open. It remains to be shown that M /G has a natural
differentiable structure for which the quotient map is a submersion. We do this only
in the case of a discrete (i.e. zero-dimensional) Lie group (cf. Remark 1.2); the proof
for general Lie groups can be found in [DK99].

In our case, we just have to prove that for each point p € M there exists a
neighborhood U > p suchthatg- U Nh - U = & for g # h. This guarantees that
each point [p] € M/G has a neighborhood [U] homeomorphic to U, which we
can assume to be a coordinate neighborhood. Since G acts by diffeomorphisms, the
differentiable structure defined in this way does not depend on the choice of p € [p].
Since the charts of M/ G are obtained from charts of M, the overlap maps are smooth.
Therefore M /G has a natural differentiable structure for whichw: M — M/G isa
local diffeomorphism (as the coordinate expression of 7|y : U — [U] is the identity
map).

Showingthatg-UNh-U = @ for g # hisequivalentto showingthatg-UNU = &
for g # e. Assume that this did not happen for any neighborhood U > p. Then there
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would exist a sequence of open sets U, 3 p with U, C U,, ﬂ:{i‘f U, = {p} and
a sequence g, € G \ {e} such that g, - U, N U, # &. Choose p, € g, - U, N U,.
Then p, = g, - g, for some ¢, € U,. We have p, — p and g, — p. Since the
action is proper, g, admits a convergent subsequence g,, . Let g be its limit. Making
k — +o0in qu, = gn, - Pn, yields g - p = p, implying that g = e (the action is
free). Because G is discrete, we would then have g, = e for sufficiently large &,
which is a contradiction. O

Example 7.12

(1) Let §" = {x e R |ST (x")2 = 1} be equipped with the action of G =
Zo = {—1, I} given by —I - x = —x (antipodal map). This action is proper and
free, and so the orbit space S /G is an n-dimensional manifold. This space is
the real projective space RP" [cf. Exercise2.5(8)].

(2) The group G = R\{0O}actson M = R\ {0} by multiplication: - x = rx. This
action is proper and free, and so M/ G is a differentiable manifold of dimension
n (which is again RP").

(3) Consider M = R” equipped with an action of G = Z" defined by:

(kl,...,k”)~(x1,...,x”)=<x1+k1,...,x”+k").

This action is proper and free, and so the quotient M /G is a manifold of dimen-
sion n. This space with the quotient differentiable structure defined in Theo-
rem 7.11 is called the n-torus and is denoted by T”. It is diffeomorphic to the
product manifold S I'x ... x S'and, whenn = 2, is diffeomorphic to the torus
of revolution in R3.

Quotients by discrete group actions determine coverings of manifolds.

Definition 7.13 A smooth covering of a differentiable manifold B is a pair (M, ),
where M is a connected differentiable manifold, 7 : M — B is a surjective local
diffeomorphism, and, for each p € B, there exists a connected neighborhood U of
p in B such that 71 (U) is the union of disjoint open sets U, C M (called slices),
and the restrictions 7, of 7 to U,, are diffeomorphisms onto U. The map 7 is called
a covering map and M is called a covering manifold.

Remark 7.14

(1) Itis clear that we must have dim M = dim B.

(2) Note that the collection of mutually disjoint open sets {U,,} must be countable
(M has a countable basis).

(3) The fibers 7' (p) C M have the discrete topology. Indeed, as each slice U,
is open and intersects 7~ !(p) in exactly one point, this point is open in the
subspace topology.
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Example 7.15
(1) The map 7 : R — S! given by

w(t) = (cos(2mt), sin(2mt))

is a smooth covering of S'. However, the restriction of this map to (0, +00) is
a surjective local diffeomorphism which is not a covering map.

(2) The product of covering maps is clearly a covering map. Thus we can generalize
the above example and obtain a covering of T" = S! x --- x S! by R”.

(3) In Example7.12(1) we have a covering of RP" by S”.

A diffeomorphism 2 : M — M, where M is a covering manifold, is called a deck
transformation (or covering transformation) if 7 o 4 = m, or, equivalently, if each
set 7~ (p) is carried to itself by A. It can be shown that the group G of all covering
transformations is a discrete Lie group whose action on M is free and proper.

If the covering manifold M is simply connected (cf. Sect. 1.10.5), the covering is
said to be a universal covering. In this case, B is diffeomorphic to M /G. Moreover,
G is isomorphic to the fundamental group 71 (B) of B (cf. Sect. 1.10.5).

The Lie theorem (see for instance [DK99]) states that for a given Lie algebra g
there exists a unique simply connected Lie group G whose Lie algebra is g. If a Lie
group G also has g as its Lie algebra, then there exists a unique Lie group homo-
morphism 7 : G — G whichisa covering map. The group of deck transformations
is, in this case, simply kgr(w), and hence G is diffeomorphic to G / ker (7). In fact,
G is also isomorphic to G/ ker(m), which has a natural group structure (ker(7) is a
normal subgroup).

Example 7.16

(1) In the universal covering of § Uof Example 7.15(1) the deck transformations are
translations & : t > t + k by an integer k, and so the fundamental group of S!
isZ.

(2) Similarly, the deck transformations of the universal covering of T" are transla-
tions by integer vectors [cf. Example 7.15(2)], and so the fundamental group of
T is Z".

(3) In the universal covering of RP” from Example 7.15(3), the only deck transfor-
mations are the identity and the antipodal map, and so the fundamental group of
RP" is Z,.

Exercise 7.17

(1) (a) Given two Lie groups G, G2, show that G| x G (the direct product of the
two groups) is a Lie group with the standard differentiable structure on the
product.

(b) The circle S' can be identified with the set of complex numbers of absolute
value 1. Show that S! is a Lie group and conclude that the n-torus 7" =
S x ... x S'is also a Lie group.
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@ (a)
(b)

1 Differentiable Manifolds

Show that (R, 4) is a Lie group, determine its Lie algebra and write an
expression for the exponential map.
Prove that, if G is an abelian Lie group, then [V, W] =0 forall V, W € g.

(3) We can identify each point in

={@yer?|y>o0l

with the invertible affine map 2 : R — R given by h(t) = yt + x. The set
of all such maps is a group under composition; consequently, our identification
induces a group structure on H.

(a)

(b)

(©)
(d)

(e)

Show that the induced group operation is given by

(x,y) - (z,w) = (yz +x, yw),

and that H, with this group operation, is a Lie group.
Show that the derivative of the left translation map L, y) : H — H ata
point (z, w) € H is represented in the above coordinates by the matrix

0
(dL(x,y))(z,w) = (é y) .

Conclude that the left-invariant vector field XV € X(H) determined by the
vector

0
§—+778 ebh=TonH & neR)

is given by

d
Xley = fy +nyay

Given V, W € b, compute [V, W].
Determine the flow of the vector field X", and give an expression for the
exponential mapexp : h — H.
Confirm your results by first showing that H is the subgroup of GL(2)
formed by the matrices
yXx
(o)

with y > 0.

(4) Consider the group

SL(z)z[(iZ) |ad—bc=1],
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which we already know to be a 3-manifold. Making
a=p+q,d=p—q,b=r+s,c=r—s,

show that SL(2) is diffeomorphic to §' x R2.
(5) Give examples of matrices A, B € gl(2) such that eAT8 £ ¢4¢8B.
(6) For A € gl(n), consider the differentiable map

bR — R\{0)

t > dete?!

and show that:

(a) this map is a group homomorphism between (R, +) and
(R\{0}, );

(b) 1 (0) = trA;

(c) det(e?) = e,

(7) (a) If A € sl(2), show that there is a A € R U iR such that

sinh A

e = cosh )\ I + A.

(b) Show that exp : s1(2) — SL(2) is not surjective.
(8) Consider the vector field X € X(R?) defined by

/ 0
X = x2—|—y28—x.

(a) Show that the flow of X defines a free action of R on M = R? \ {0}.
(b) Describe the topological quotient space M /RR. Is the action above proper?

(9) Let M = S? x S? and consider the diagonal S'-action on M given by
el (u,v) = (eie cu, &0 v) ,

where, for u € §2 C R3 and ¢'F € S, ¢

angle (3 around the z-axis.

- u denotes the rotation of u# by an

(a) Determine the fixed points for this action.
(b) What are the possible nontrivial stabilizers?

(10) Let G be a Lie group and H a closed Lie subgroup, i.e. a subgroup of G which
is also a closed submanifold of G. Show that the action of H in G defined by
A(h, g) = h - g is free and proper.

(11) (Grassmannian) Consider the set H C GL(n) of invertible matrices of the
form
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A0
C B)’
where A € GL(k), B € GL(n — k) and C € M_p)xk-

(a) Show that H is a closed Lie subgroup of GL(n). Therefore H acts freely
and properly on G L(n) [cf. Exercise 7.17(10)].
(b) Show that the quotient manifold

Gr(n,k) :=GLn)/H

can be identified with the set of k-dimensional subspaces of R” (in particular
Gr(n, 1) is just the projective space RP"~1).

(¢) The manifold Gr(n, k) is called the Grassmannian of k-planes in R”. What
is its dimension?

(12) Let G and H be Lie groups and F : G — H a Lie group homomorphism.
Show that:

(a) (dF),:g — bhisalLie algebra homomorphism;
(b) if (dF), is an isomorphism then F is a local diffeomorphism;
(c) if F is a surjective local diffeomorphism then F is a covering map.

(13) (a) Show thatR-SU (2)is afour-dimensional real linear subspace of M3 (C),
closed under matrix multiplication, with basis

Lo (ro) (i 0
“\ot1) " \o-i )
. 01 0i
f—(—lo)’k—(io)’

satisfying i”> = j? = k> = ijk = —1. Therefore this space can be identi-
fied with the quaternions (cf. Sect. 1.10.1). Show that SU (2) can be iden-
tified with the quaternions of Euclidean norm equal to 1, and is therefore
diffeomorphic to S3.

(b) Show thatifn € R3 is a unit vector, which we identify with a quaternion
with zero real part, then

e no 1 cos 0 + nsin 0
X _— frd - —
P 2 2) T

is also a unit quaternion.
(c) Again identifying R® with quaternions with zero real part, show that the
map
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R} - R?

(n@) ( n9)
U > exp 5 <V - €exp Y

is a rotation by an angle 6 about the axis defined by n.
(d) Show that there exists a surjective homomorphism F : SU(2) - SO(3),
and use this to conclude that SU (2) is the universal covering of SO (3).
(e) What is the fundamental group of SO(3)?

1.8 Orientability

Let V be a finite dimensional vector space and consider two ordered bases 5 =
{bi,...,by} and 3’ = {b},...,D}}. There is a unique linear transformation S :
V — V such that blf = Sb; foreveryi = 1,...,n. We say that the two bases are
equivalent if det S > 0. This defines an equivalence relation that divides the set
of all ordered bases of V into two equivalence classes. An orientation for V is an
assignment of a positive sign to the elements of one equivalence class and a negative
sign to the elements of the other. The sign assigned to a basis is called its orientation
and the basis is said to be positively oriented or negatively oriented according to
its sign. It is clear that there are exactly two possible orientations for V.

Remark 8.1

(1) The ordering of the basis is very important. If we interchange the positions of two
basis vectors we obtain a different ordered basis with the opposite orientation.

(2) An orientation for a zero-dimensional vector space is just an assignment of a
sign +1 or —1.

(3) We call the standard orientation of R" to the orientation that assigns a positive
sign to the standard ordered basis.

Anisomorphism A : V — W between two oriented vector spaces carries equiva-
lent ordered bases of V to equivalent ordered bases of W. Hence, for any ordered basis
(3, the sign of the image A [ is either always the same as the sign of 3 or always the
opposite. In the first case, the isomorphism A is said to be orientation-preserving,
and in the latter it is called orientation reversing.

An orientation of a smooth manifold consists of a choice of orientations for all
tangent spaces 7, M. If dimM = n > 1, these orientations have to fit together
smoothly, meaning that for each point p € M there exists a parameterization (U, ¢)
around p such that

(d(p)x R" — Tgo(x)M

preserves the standard orientation of R" at each pointx € U.

Remark 8.2 If the dimension of M is zero, an orientation is just an assignment of a
sign (41 or —1), called orientation number, to each point p € M.
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Definition 8.3 A smooth manifold M is said to be orientable if it admits an orien-
tation.

Proposition 8.4 If a smooth manifold M is connected and orientable then it admits
precisely two orientations.

Proof We will show that the set of points where two orientations agree and the
set of points where they disagree are both open. Hence, one of them has to be M
and the other the empty set. Let p be a point in M and let (Uy, ©), (Us, ©g)
be two parameterizations centered at p such that dy,, is orientation-preserving for
the first orientation and dyg is orientation-preserving for the second. The map

(d (@51 o @a))o : R" — R” is either orientation-preserving (if the two orienta-
tions agree at p) or reversing. In the first case, it has positive determinant at 0, and
S0, by continuity, (d (4951 o cpa))x has positive determinant for x in a neighborhood
of 0, implying that the two orientations agree in a neighborhood of p. Similarly, if
(d (4,951 o @Ot))o is orientation reversing, the determinant of (d (<p51 o cpa))x is neg-

ative in a neighborhood of 0, and so the two orientations disagree in a neighborhood
of p.

Let O be an orientation for M (i.e. a smooth choice of an orientation O, of T, M
for each p € M), and —O the opposite orientation (corresponding to taking the
opposite orientation —O,, at each tangent space T, M). If O’ is another orientation
for M, then, for a given point p € M, we know that 0;, agrees either with O, or
with — O, (because a vector space has just two possible orientations). Consequently,
O’ agrees with either O or —O on M. O

An alternative characterization of orientability is given by the following proposi-
tion.

Proposition 8.5 A smooth manifold M is orientable if and only if there exists an atlas
A = {(Uq, o)} for which all the overlap maps apgl 0, are orientation-preserving.

Proof Exercise 8.6(2) [l

An oriented manifold is an orientable manifold together with a choice of an
orientation. A map f : M — N between two oriented manifolds with the same
dimension is said to be orientation-preserving if (df), is orientation-preserving at
all points p € M, and orientation reversing if (df), is orientation reversing at all
points p € M.

Exercise 8.6

(1) Prove that the relation of “being equivalent” between ordered bases of a finite
dimensional vector space described above is an equivalence relation.

(2) Show that a differentiable manifold M is orientable iff there exists an atlas
A = {(Uq, pq)} for which all the overlap maps Lpgl o (o are orientation-
preserving.
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(a) Show that if a manifold M is covered by two coordinate neighborhoods V;
and V), such that V| N V, is connected, then M is orientable.

(b) Show that S” is orientable.

Let M be an oriented n-dimensional manifold and ¢ : I — M a differentiable

curve. A smooth vector field along c is a differentiable map V : I — TM

such that V(t) € T.nM for all t € I (cf. Sect.3.2 in Chap.3). Show

that if Vi,...,V, : I — M are smooth vector fields along ¢ such that

{Vi(®), ..., Vu(t)} is a basis of T,y M for all ¢+ € I then all these bases have the

same orientation.

We can see the Mobius band as the 2-dimensional submanifold of R3 given by

the image of the immersion g : (—1, 1) x R — R3 defined by

g(t, ) = ((1 + tcos (%)) cos p, (1 + t cos (%)) sin ¢, t sin (%)) .

Show that the Mobius band is not orientable.

Let f : M — N be a diffeomorphism between two smooth manifolds. Show
that M is orientable if and only if N is orientable. If, in addition, both manifolds
are connected and oriented, and (df), : TyM — Ty, N preserves orientation
at one point p € M, show that f is orientation-preserving.

Let M and N be two oriented manifolds. We define an orientation on the
product manifold M x N (called product orientation) in the following way:
If « = {a1,...,a,} and B = {b1, ..., b,} are ordered bases of 7, M and
T, N, we consider the ordered basis {(a1,0), ..., (an,0), (0,b1), ..., (0, by)}
of T(p,)(M x N) = T,M x T, N. We then define an orientation on this space
by setting the sign of this basis equal to the product of the signs of « and (.
Show that this orientation does not depend on the choice of o and f3.

Show that the tangent bundle 7'M is always orientable, even if M is not.
(Orientable double covering) Let M be a non-orientable n-dimensional mani-
fold. For each point p € M we consider the set O, of the (two) equivalence
classes of bases of T, M. Let M be the set

M ={(p.0p) | peM, O,ecOp}

Given a parameterization (U, @) of M consider the maps % : U — M defined
by

P (o) | () () L))

where x = (xl, ...,x”) € U and [(i) e, (8—(3,,) ( )] represents the
p(x

equivalence class of the basis (i) e ( 68") of TpyM.
o(x) o)
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(a) Show that these maps determine the structure of an orientable differentiable
manifold of dimension n on M .

(b) Consider the map m : M — M defined by 7 (p, Op) = p. Show that 7 is
differentiable and surjective. Moreover, show that, for each p € M, there
exists a neighborhood V of p with ] (V) = Wi U W,, where W and W,
are two disjoint open subsets of M, such that 7 restricted to W; (i = 1, 2)
is a diffeomorphism onto V.

(c) Show that M is connected (M is therefore called the orientable double
covering of M).

(d) Let 0 : M — M be the map defined by o(p, 0,) = (p, —0,), where
—0,, represents the orientation of 7, M opposite to O,. Show that o is
a diffeomorphism which reverses orientations satisfying 7 o 0 = 7 and
ooo =id.

(e) Show that any simply connected manifold is orientable.

1.9 Manifolds with Boundary
Let us consider again the closed half space
H" = {(x],...,x") eR" | x" 20}

with the topology induced by the usual topology of R". Recall that a map f :
U — R™ defined on an open set U C_H" is said to be differentiable if it is the
restriction to U of a differentiable map f defined on an open subset of R" containing
U (cf. Sect.1.10.2). In this case, the derivative (df), is defined to be (d f),. Note
that this derivative is independent of the extension used since any two extensions
have to agree on U.

Definition 9.1 A smooth n-manifold with boundary is a topological manifold with
boundary of dimension n and a family of parameterizations ., : U, C H* - M
(that is, homeomorphisms of open sets U, of H" onto open sets of M), such that:

() the coordinate neighborhoods cover M, meaning that | J,, o (Us) = M;
(ii) for each pair of indices «, 3 such that

W= pa(Us) N (pﬂ(Uﬂ) * 9,
the overlap maps

©5' 0 pa 9y (W) — o5 (W)
va'ops ey (W) — o' (W)

are smooth;
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(iii) the family A = {(U,, pq)} is maximal with respect to (i) and (ii), meaning
that, if o : Up — M is a parameterization such that g o o~ and ¢! o @g
are C* for all ¢ in A, then ¢y is in A.

Recall that a point in M is said to be a boundary point if it is on the image of OH"
under some parameterization (thatis, if there is a parameterizationp : U C H" — M
such that (p(xl, Loxlo) = p for some . xmh e R”’l), and that the
set OM of all such points is called the boundary of M. Notice that differentiable
manifolds are particular cases of differentiable manifolds with boundary, for which
oM = @.

Proposition 9.2 The boundary of a smooth n-manifold with boundary is a differen-
tiable manifold of dimension n — 1.

Proof Suppose that p is a boundary point of M (an n-manifold with boundary) and
choose a parameterization ¢, : U, C H" — M around p. Letting V,, := ¢, (U,),
we claim that ¢, (0U,) = 9V, where OU, = U, N OH" and 0V, = V, N OM.
By definition of boundary, we already know that ¢, (0U,) C 0V,, so we just have
to show that OV, C ¢, (0U,). Let ¢ € 0V,, and consider a parameterization yg :
Us — V, around ¢, mapping an open subset of H" to an open subset of M and such
that ¢ € pg(0Up). If we show that p3(0Ug) C ¢,(0U,) we are done. For that, we
prove that (¢! 0 ) (OU3) C U, Indeed, suppose that this map ¢, ' o takes a
point x € OUg to an interior point (in R") of U, . As this map is a diffeomorphism, x
would be an interior point (in R") of Ug. This, of course, contradicts the assumption
that x € OUg. Hence, (¢! 0 ) (0Up) C OU, and s0 ¢3(0Up) C o (0U,).
The map ¢, then restricts to a diffeomorphism from U, onto 0V, where we
identify OU, with an open subset of R”~!. We obtain in this way a parameteri-
zation around p in OM, and it is easily seen that these parameterizations define a
differentiable structure on OM. O

Remark 9.3 1In the above proof we saw that the definition of a boundary point does
not depend on the parameterization chosen, meaning that, if there exists a parameter-
ization around p such that p is an image of a point in OH", then any parameterization
around p maps a boundary point of H" to p.

The definition of orientability can easily be extended to manifolds with boundary.
We then have the following result.

Proposition 9.4 Let M be an orientable manifold with boundary. Then OM is also
orientable.

Proof If M is orientable we can choose an atlas {(U,, o)} on M for which the
determinants of the derivatives of all overlap maps are positive. With this atlas we
can obtain an atlas {(QU,, @,)} for M in the way described in the proof of Propo-
sition 9.2. For any overlap map

(go;locpa) (xl,...,x") = (yl (xl,...,x"),...,y" (xl,...,x"))
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we have

(gpgl Osﬁa) (xl,...,x”_l,O) =
= (y1 (xl,...,x"_l,O) ,...,y”_l (xl,...,x"_l,O),O)

and
(@gl o@a) (xl, ...,x"_l) = (yl (xl, ...,x"_l,O) s ...,y"_1 (xl, ...,x"_l,O)) .
Consequently, denoting (xl, x O) by (x, 0),
ez, -
CICITS) N R
(x,0) ayn .
0 | 2 (7.0)

and so

det (d (@51 ° %))(2,0) - gi: (¥, 0) det (d (@51 ° %))f'

n

However, fixing x!, - - -, x*~!, we have that y” is positive for positive values of x”

and is zero for x” = 0. Consequently, %(f ,0) > 0, and so

det (d ((ﬁ[;l o QZQ)); > 0.
O

Hence, choosing an orientation on a manifold with boundary M induces an orien-
tation on the boundary 0 M. The convenient choice, called the induced orientation,
can be obtained in the following way. For p € OM the tangent space T,(OM) is a
subspace of T}, M of codimension 1. As we have seen above, considering a coordi-

nate system x : W — R” around p, we have x"(p) = O and (x!,...,x" 1) isa
coordinate system around p in OM. Setting n, = — (%) (called an outward

pointing vector at p), the induced orientation on OM is defined by assigning a pos-
itive sign to an ordered basis 3 of T,(OM) whenever the ordered basis {n,, 3} of

T, M is positive, and negative otherwise. Note that, since g; : (cp’l ( p)) > 0 (in the
above notation), the sign of the last component of 7, does not depend on the choice
of coordinate system. In general, the induced orientation is not the one obtained from
the charts of M by simply dropping the last coordinate (in fact, it is (—1)" times this
orientation).
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Exercise 9.5

(1) Show with an example that the product of two manifolds with boundary is not
always a manifold with boundary.

(2) Let M be a manifold without boundary and N a manifold with boundary. Show
that the product M x N is a manifold with boundary. What is (M x N)?

(3) Show that a diffeomorphism between two manifolds with boundary M and N
maps the boundary OM diffeomorphically onto ON.

1.10 Notes

1.10.1 Section 1.1

We begin by briefly reviewing the main concepts and results from general topology
that we will need (see [Mun00] for a detailed exposition).

(1) A topology on a set M is a collection 7 of subsets of M having the following
properties:

(i) the sets @ and M are in 7 ;
(ii) the union of the elements of any sub-collection of 7 is in 7
(iii) the intersection of the elements of any finite sub-collection of 7 isin 7.

A set M equipped with a topology 7 is called a topological space. We say
that a subset U C M is an open set of M if it belongs to the topology 7. A
neighborhood of a point p € M is simply an open set U € 7 containing p. A
closed set ' C M is a set whose complement M \ F is open. The interior int A
of a subset A C M is the largest open set contained in A, and its closure A is
the smallest closed set containing A. Finally, the subspace topology on A C M
isTy :={UNA}yeT.

(2) A topological space (M, 7) is said to be Hausdorff if for each pair of distinct
points p1, p» € M there exist neighborhoods Uy, U, of p; and p; such that
U NnU; =a.

(3) A basis for a topology 7 on M is a collection B C 7 such that, for each point
p € M and each open set U containing p, there exists a basis element B € B
for which p € B C U. If B is a basis for a topology 7 then any element of 7°
is a union of elements of 3. A topological space (M, T) is said to satisfy the
second countability axiom if 7 has a countable basis.

(4) Amap f : M — N between two topological spaces is said to be continuous
if for each open set U C N the preimage f~!(U) is an open subset of M.
A bijection f is called a homeomorphism if both f and its inverse f~! are
continuous.

(5) An open cover for a topological space (M, 7) is a collection {U,} C 7 such
that | J,, Uy = M. A subcover is a sub-collection {Vg} C {U,} which is still
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an open cover. A topological space is said to be compact if every open cover
admits a finite subcover. A subset A C M is said to be a compact subset if it
is a compact topological space for the subspace topology. It is easily seen that
continuous maps carry compact sets to compact sets.

A topological space is said to be connected if the only subsets of M which
are simultaneously open and closed are & and M. A subset A C M is said to
be a connected subset if it is a connected topological space for the subspace
topology. Itis easily seen that continuous maps carry connected sets to connected
sets.

Let (M, T) be a topological space. A sequence {p,} in M is said to converge
to p € M if for each neighborhood V of p there exists an N € N for which
pn € V forn > N.If (M, T) is Hausdorff, then a convergent sequence has a
unique limit. If in addition (M, 7') is second countable, then F' C M is closed
if and only if every convergent sequence in F has limit in F, and K C M is
compact if and only if every sequence in K has a sublimit in K.

If M and N are topological spaces, the set of all Cartesian products of open
subsets of M by open subsets of N is a basis for a topology on M x N, called
the product topology. Note that with this topology the canonical projections are
continuous maps.

An equivalence relation ~ on a set M is arelation with the following properties:

(i) reflexivity: p ~ p forevery p € M,
(1) symmetry: if p ~ g then g ~ p;
(iii) tranmsitivity:if p ~ g and g ~ r then p ~ r.

Given a point p € M, we define the equivalence class of p as the set

[pl={q e M|q~ p}

Note that p € [p] by reflexivity. Whenever we have an equivalence relation ~ on
aset M, the corresponding set of equivalence classes is called the quotient space,
and is denoted by M /~. There is a canonical projection 7 : M — M /~, which
maps each element of M to its equivalence class. If M is a topological space,
we can define a topology on the quotient space (called the quotient topology)
by letting a subset V. C M/~ be open if and only if the set 7~!(V) is open
in M. The map = is then continuous for this topology. We will be interested in
knowing whether some quotient spaces are Hausdorff. For that, the following
definition will be helpful.

Definition 10.1 An equivalence relation ~ on a topological space M is called
open if the map m : M — M/~ is open, i.e. if for every open set U C M, the
set [U] := w(U) is open.

‘We then have

Proposition 10.2 Let ~ be an open equivalence relation on M and let R =
{(p,q) e M x M | p ~ q}. Then the quotient space is Hausdorf{f if and only if
R is closedin M x M.
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Proof Assume that R is closed. Let [p], [q] € M/~ with [p] # [g]. Then
p ~ q,and (p,q) ¢ R. As R is closed, there are open sets U, V containing
p, q,respectively, such that (U x V)N R = @. This implies that [U]N[V] = &
In fact, if there were a point [r] € [U]N[V], then r would be equivalent to points
p' € Uandq’' € V (thatis p’ ~ r andr ~ ¢’). Therefore we would have p’ ~ ¢’
(implying that (p’, ¢’) € R), and so (U x V) N R would not be empty. Since
[U] and [V] are open (as ~ is an open equivalence relation), we conclude that
M /~ is Hausdorff.

Conversely, let us assume that M/~ is Hausdorff. If (p, g) ¢ R, then p ~ g
and [p] # [q], implying the existence of open sets U, VcM/~ containing
[p]and [¢], such that U NV = @. The sets U := 7' (U) and V := 7~ 1(V)
are open in M and (U x V) N R = &. In fact, if that was not so, there would
exist points p’ € U and ¢' € V such that p' ~ ¢'. Then we would have
[p'1=141, contradlctlng the fact that UNV = @ (as[p'] € m(U) = U and
[¢'1€ (V)= V).Since (p,q) e U xV C (M x M)\ Rand U x V is open,
we conclude that (M x M) \ R is open, and hence R is closed. (I

1.10.2 Section1.2

(1) Let us begin by reviewing some facts about differentiability of maps on R”.
A function f : U — R defined on an open subset U of R” is said to be
continuously differentiable on U if all partial derivatives %, e, g x’:, exist
and are continuous on U. In this book, the words differentiable and smooth will
be used to mean infinitely differentiable, that is, all partial derivatives wllakﬁ

existand are continuous on U. Similarly,amap f : U — R, defined on an open

subset of R”, is said to be differentiable or smooth if all coordinate functions f i

have the same property, that is, if they all possess continuous partial derivatives

of all orders. If the map f is differentiable on U, its derivative at each point of

U is the linear map Df : R" — R™ represented in the canonical bases of R”

and R by the Jacobian matrix

arl .. of!

ox! ox"
Df = : :

Ox! ox"

A map f : A — R” defined on an arbitrary set A C R" (not necessarily
open) is said to be differentiable on A is there exists an open set U O A and a
differentiable map f : U — R" such that f = f|4.
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1.10.3 Section 1.4

(1) Let E, B and F be smooth manifolds and 7 : E — B adifferentiable map. Then
7w : E — B is called a fiber bundle with basis B, total space E and fiber F if

(i) the map 7 is surjective;

(ii) there is a covering of B by open sets {U,} and diffeomorphisms 1, :
71 (U,) — U, x F such that for every b € U, we have Yo (m~ (b)) =
{b} x F.

1.10.4 Section 1.5

(1) (The Inverse function theorem) Let f : U C R" — R”" be a smooth function
and p € U such that (df) is a linear isomorphism. Then there exists an open
subset V. C U containing p such that f|y : V — f(V) is a diffeomorphism.
Moreover,

@IV D) = @ Flv)g) ™!

forallg e V.

1.10.5 Section1.7

(1) A groupisaset G equipped with a binary operation - : G x G — G satisfying:

(i) Associativity: g1 - (92 - g3) = (g1 - 92) - g3 forall g1, 92, g3 € G;

(i) Existence of identity: There exists an element e € G such thate - g =
g-e=gforall g € G;

(iii) Existence of inverses: Forall g € G there exists g~
g 'g=e

If the group operation is commutative, meaning that g - go = g2 - g1 for all

g1, g2 € G, the group is said to be abelian. A subset H C G is said to be a

subgroup of G if the restriction of - to H x H is a binary operation on H, and

H with this operation is a group. A subgroup H C G is said to be normal if

ghg™' € Hforallge G,h € H. Amap f : G — H between two groups G

and H is said to be a group homomorphism if f(g; - g2) = f(g1) - f(g2) for

all g1, g2 € G. An isomorphism is a bijective homomorphism. The kernel of a

group homomorphism f : G — H isthe subsetker(f) ={g € G| f(g) = e},

and is easily seen to be a normal subgroup of G.

(2) Let M and N be topological manifolds. A map f : M — N is called proper
if the preimage f~!(K) of any compact set K C N is compact. If f is also
continuous then f is closed, i.e. f maps closed sets to closed sets. To see this,

1 1

€ Gsuchthatg-g~' =
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3)

4)

let F C M be a closed set, and consider a convergent sequence {g,} in f(F)
with g, — ¢. It is easily seen that the closure K of the set {g, | n € N} is
compact, and since f is proper, then so is f~!'(K). For each n € N choose
pn € F such that f(p,) = ¢u. Then p, € f~1(K), and so {p,} must have a
sublimit p € F (since F is closed). If {p,, } is a subsequence which converges
to p we have q,, = f(pn,) — f(p) (because f is continuous). Therefore
q = f(p) e f(F),and f(F) is closed.

Let f,g : X — Y be two continuous maps between topological spaces and let
I = [0, 1]. We say that f is homeotopic to g if there exists a continuous map
H : I xX — Y suchthat HO,x) = f(x) and H(1,x) = g(x) for every
x € X. This map is called a homotopy.

Homotopy of maps forms an equivalence relation in the set of continuous maps
between X and Y. As an application, let us fix a base point p on a manifold M
and consider the homotopy classes of continuous maps f : I — M such that
f(0) = f(1) = p (these maps are called loops based at p), with the additional
restriction that H (¢, 0) = H (¢, 1) = pforallt € I. This set of homotopy classes
is called the fundamental group of M relative to the base point p, and is denoted
by m1 (M, p). Among its elements there is the class of the constant loop based
at p, given by f(t) = p for every t € I. Note that the set 71 (M, p) is indeed
a group with operation * (composition of loops) defined by [ f] * [g] := [X],
where i : I — M is given by

i 1
ho = | 7G0 irei0d)
gt —=1)if t € [5,1]
The identity element of this group is the equivalence class of the constant loop
based at p.

If M is connected and this is the only class in 71 (M, p), M is said to be simply
connected. This means that every loop through p can be continuously deformed
to the constant loop. This property does not depend on the choice of point p, and
is equivalent to the condition that any closed path may be continuously deformed
to a constant loop in M.

Quaternions are a generalization of the complex numbers introduced by Hamil-
ton in 1843, when he considered numbers of the form a + bi + c¢j + dk with
a,b,c,d € Rand

i’=j =k =ijk=—1.

Formally, the set H of quaternions is simply R* with

1=(1,0,0,0)
i =(0,1,0,0)
j=1(0,0,1,0)
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k=1(0,0,0,1)

and the bilinear associative product defined by the Hamilton formulas (and the

assumption that 1 is the identity). With these definitions, H is a division ring, that
is, (H \ {0}, -) is a (non-commutative) group and multiplication is distributive
with respect to addition.

The real part of a quaternion a + bi + ¢j + ik is a, whereas its vector part is
bi + c¢j + dk. Quaternions with zero vector part are identified with real numbers,
while quaternions with zero real part are identified with vectors in R®. The norm
of a quaternion is the usual Euclidean norm.

1.10.6 Bibliographical Notes

The material in this chapter is completely standard, and can be found in almost
any book on differential geometry (e.g. [Boo03, dC93, GHLO04]). Immersions and
embeddings are the starting point of differential topology, which is studied in [GP73,
Mil97]. Lie groups and Lie algebras are a huge field of mathematics, to which we
could not do justice. See for instance [BtD03, DK99, War83]. More details on the
fundamental group and covering spaces can be found for instance in [Mun00].
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Chapter 2
Differential Forms

This chapter discusses integration on differentiable manifolds. Because there is no
canonical choice of local coordinates, there is no natural notion of volume, and so
only objects with appropriate transformation properties under coordinate changes
can be integrated. These objects, called differential forms, were introduced by Elie
Cartan in 1899; they come equipped with natural algebraic and differential opera-
tions, making them a fundamental tool of differential geometry.

Besides their role in integration, differential forms occur in many other places in
differential geometry and physics: for instance, they can be used as a very efficient
device for computing the curvature of Riemannian (Chap. 4) or Lorentzian (Chap. 6)
manifolds; to formulate Hamiltonian mechanics (Chap.5); or to write Maxwell’s
equations of electromagnetism in a compact and elegant form.

The algebraic structure of differential forms is set up in Sect. 2.1, which reviews
the notions of tensors and tensor product, and introduces alternating tensors and
their exterior product.

Tensor fields, which are natural generalizations of vector fields, are discussed
in Sect.2.2, where a new operation, the pull-back of a covariant tensor field by a
smooth map, is defined. Differential forms are introduced in Sect.2.3 as fields of
alternating tensors, along with their exterior derivative. Important ideas which will
not be central to the remainder of this book, such as the Poincaré lemma, de Rham
cohomology or the Lie derivative, are discussed in the exercises.

The integral of a differential form on a smooth manifold in defined in Sect.2.4.
This makes use of another basic tool of differential geometry, namely the existence
of partitions of unity.

The celebrated Stokes theorem, generalizing the fundamental theorems of vector
calculus (Green’s theorem, the divergence theorem and the classical Stokes theorem
for vector fields) is proved in Sect. 2.5. Some of its consequences, such as invariance
by homotopy of the integral of closed forms, or Brouwer’s fixed point theorem,
are explored in the exercises.

Finally, Sect.2.6 studies the relation between orientability and the existence of
special differential forms, called volume forms, which can be used to define a notion
of volume on orientable manifolds.
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2.1 Tensors

Let V be an n-dimensional vector space. A k-tensor on V is a real multilinear
function (meaning linear in each variable) defined on the product V- x --- x V of k
copies of V. The set of all k-tensors is itself a vector space and is usually denoted by
TEV*).

Example 1.1

(1) The space of 1-tensors 7 1 (V*) is equal to V*, the dual space of V, that is, the
space of real-valued linear functions on V.

(2) The usual inner product on R" is an example of a 2-tensor.

(3) The determinant is an n-tensor on R”.

Given a k-tensor T and an m-tensor S, we define their tensor product as the
(k + m)-tensor T ® S given by

TQSW1ywews Vi Vil oo o s Vi) = T 1, oo, Vi) - Skt 1, -+ oy Vietm)-

This operation is bilinear and associative, but not commutative [cf. Exercise 1.15(1)].

Proposition 1.2 If {Ty, ..., T,} is a basis for T'(V*) = V* (the dual space of V),
thenthe set {T;, ® ---®T;, | 1 <iy,...,ix <n}isabasis oka(V*), and therefore
dim 75(V*) = nk.

Proof We will first show that the elements of this set are linearly independent. If

then, taking the basis {vy, ..., v,} of V dual to {T1, ..., T}, meaning that 7; (v;) =
0jj (cf. Sect.2.7.1), we have T(vj,...,vj) = aj.j = 0 for every 1 <
Jls ook <.

To show that {T;, ® --- @ T;, | 1 <iy,...,ix < n} spans TK(V*), we take any
element 7 € 7%(V*) and consider the k-tensor S defined by

S:: Z T(Vl‘l,...,Vi/\,)Til®"'®Tik~

Clearly, S(vi, ..., vi,) = T(vjy,...,v;) forevery 1 <ij,...,ix < n,and so, by
linearity, S = T'. O

If we consider k-tensors on V*, instead of V, we obtain the space T*(V) (note that
(V** = V,as shown in Sect.2.7.1). These tensors are called contravariant tensors
on V, while the elements of 7%(V*) are called covariant tensors on V. Note that
the contravariant tensors on V are the covariant tensors on V*. The words covariant
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and contravariant are related to the transformation behavior of the tensor components
under a change of basis in V, as explained in Sect.2.7.1.

We can also consider mixed (k, m)-tensors on V, that is, multilinear functions
defined on the product V x -+ - x V x V* x --- x V* of k copies of V and m copies
of V*. A (k, m)-tensor is then k times covariant and m times contravariant on V.
The space of all (k, m)-tensors on V is denoted by 75 (V*, V).

Remark 1.3

(1) We can identify the space 7! (V*, V) with the space of linear maps from V to
V. Indeed, for each element T € 711(V*, V), we define the linear map from
V to V, given by v — T (v, -). Note that T'(v, -) : V* — Ris a linear function
on V*, that is, an element of (V*)* =V

(2) Generalizing the above definition of tensor product to tensors defined on
different vector spaces, we can define the spaces 7X(V*) @ 7" (W*) gener-
ated by the tensor products of elements of 7%(V*) by elements of 7" (W*).
Note that 75" (V*, V) = TK(V*) @ T™ (V). We leave it as an exercise to find
a basis for this space.

A tensor is called alternating if, like the determinant, it changes sign every time
two of its variables are interchanged, that is, if

T, ey Vig ooV, Vi) = =T (01, oo Vo Vi e, V).

The space of all alternating k-tensors is a vector subspace AK(V*) of T5(V*).
Note that, for any alternating k-tensor 7, we have T'(vq, ..., v) = 0if v; = v; for
some i # j.

Example 1.4

(1) All 1-tensors are trivially alternating, that is, A'(V*) = T1(V*) = V*.
(2) The determinant is an alternating n-tensor on R”.

Consider now Sy, the group of all possible permutations of {1, ..., k}. If o € S,
we set o(V, ..., Vvk) = (Vo(1), - --» Vo(k)). Given a k-tensor T € TK(V*) we can
define a new alternating k-tensor, called Alt(7'), in the following way:

1
Al(T) = > (sgno) (T o0),
: O'ESk

where sgn o is +1 or —1 according to whether ¢ is an even or an odd permutation.
We leave it as an exercise to show that Alt(7) is in fact alternating.

Example 1.5 T € T3(V*),

AI(T)(vi,v2,v3) = £ (T (1, v2,v3) + T (v3,v1,v2) + T (v2,v3, 1)
=T (vi,v3,v2) = T(v2,v1,v3) — T(v3,v2,v1)).
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We will now define the wedge product between alternating tensors: if 7 €
A¥(V*)and S € A™(V*),then T A S € A" (V*) is given by

|
TAS:=— 2 AT ®S).
k'm!

Example 1.6 T, S € A'(V*) = V*, then
TAS=2AT®S)=T®S—-SQT,

implyingthat T AS=—-SATand T AT =0.

It is easy to verify that this product is bilinear. To prove associativity we need the
following proposition.

Proposition 1.7
(i) Let T € T*(V*) and S € T™(V*). If Alt(T) = O then

AT ® S) = Alt(S® T) = 0;

(ii) AAI(T ® ) ® R) = Alt(T ® S® R) = Alt(T ® Alt(S ® R)).

Proof

(i) Let us consider

(k4+m)! AT ® S)(V1, ..., Vigm) =
= z (sgn 0’) T(Vg(l), ey va(k))S(Vo-(k+l), ey Va(ker))-

OESk+m

Taking the subgroup G of Sk, formed by the permutations of {1, ..., kK + m}
thatleave k + 1, ..., kK + m fixed, we have

Z(Sgn DT Wo(1ys -+ Vo) SWotkt1)s - - -5 Voltktm)) =

oeG

= (Z(Sgn T (Vo1)s - - Va(k))) SOk41s -+ Vitm)

oeG

=k! (AI(T)® S) 1, ..., vikgm) = 0.

Then, since G decomposes Sk, into disjoint right cosets G- := {07 | o € G},
and for each coset
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D 6gn o) T @ $)(Vo(i): - -+ Votkim) =

oceG-o

= (sgnd) Y _(sgn o) (T ® )o@ (1)) - - - VoG k4m))

oeG

= (sgno)k! (AIt(T) ® S)YVe1)s -5 Vatm)) = 0,

we have that Alt(7 ® §) = 0. Similarly, we prove that Alt(S ® T) = 0.
(i) By linearity of the operator Alt and the fact that AltoAlt = Alt
[cf. Exercise 1.15(3)], we have

Alt(AIt(S® R) — S® R) = 0.
Hence, by (i),

0= Alt(T ® (Alt(S® R) — S ® R))
= AT ® AIt(S® R)) — Alt(T ® S ® R),

and the result follows. O
Using these properties we can show the following.
Proposition 1.8 (T AS)AR=T A(SAR).
Proof By Proposition 1.7, for T € A¥(V*),S € A™(V*)and R € AL(V*), we have

_(ktm+D)!
(TASAR_-@IEWTMMTA$®R)
_(ktm+D)!

imuy AT SR

and

(k+m+1)!
TAMSAR) = —— AT ® (SAR
A(SAR) I (T®( )
(k+m+1)!

We can now prove the following theorem.

Theorem 1.9 If{T\, ..., T,} is a basis for V*, then the set

(T; /\"'/\Tikllfl.1<"'<ik§n}
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is a basis for A*(V*), and

dim A®(V™) = (k) = —k!(n—k)!'

Proof Let T € AX(V*) c T*(V*). By Proposition 1.2,

T = Z ail‘..ikTil ®®le

and, since T is alternating,

T=AWT)= D a.; AT, @ @ Tj).

We can show by induction that Alt(T};, ® - - - ® T;,) = %Til ATy A+ AT, . Indeed,
for k = 1, the result is trivially true, and, assuming it is true for k basis tensors, we
have, by Proposition 1.7, that

AT, ® --- Q@ Tjy,,) = AlLAI(T}, ® - ® Tjy) ® Ty )
|

k+1

ZWAH(TH@)'“@T[}{)/\E
1

:mTil/\Tiz/\”'/\Ti

k+1°

Hence,

1
T = F Z ail...ikTil /\Tiz/\"'/\Tik~

Tk

However, the tensors 7;; A --- A T;, are not linearly independent. Indeed, due to
anticommutativity, if two sequences (i1, ... i) and (ji, ... jx) differ only in their
orderings, then T;; A --- AT = £Tj A --- A Tj.. In addition, if any two of the
indices are equal, then T;; A --- A T; = 0. Hence, we can avoid repeating terms by
considering only increasing index sequences:

T = Z bi]...ikTil /\"'/\Tik

i <--<ig

and so the set {T;; A--- AT, | 1 <iy < ... < i < n}spans AK(V*). Moreover,
the elements of this set are linearly independent. Indeed, if

0=T= Z bil...ikTil/\"'/\Tik9

i <--<ig
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then, taking a basis {vy, ..., v,} of V dual to {T1, ..., T} and an increasing index
sequence (Jji, ..., jk), we have

0=T@Wj.....vi)=k! D by iy AT}, ® -+ @ Ty)(vjy. ..., vjp)

i <--<ig
= Z bi|...ik Z(Sgna) E|(Vj0(1))"'nk(ng(k))~
i <---<iy og€ES)
Since (i1, ..., i) and (ji, ..., jx) are both increasing, the only term of the second

sum that may be different from zero is the one for which ¢ = id. Consequently,
0= T(le, ey ij) = bj1-~-jk'

|
The following result is clear from the anticommutativity shown in Example 1.6.

Proposition 1.10 If T € AK(V*) and S € A™(V*), then
TAS=(—D"SAT.

Proof Exercise 1.15(4) O

Remark 1.11

(1) Another consequence of Theorem 1.9 is that dim(A"(V*)) = 1. Hence, if
V = R", any alternating n-tensor in R” is a multiple of the determinant.

(2) Itis also clear that AK(V*) = 0 if k > n. Moreover, the set A°(V*) is defined
to be equal to R (identified with the set of constant functions on V).

A linear transformation F : V — W induces a linear transformation F* :
THW*) — T*(V*) defined by

(F*TY(1, ..., ve) = T(F(v1), ..., F(w)).

This map has the following properties.

Proposition 1.12 Let V, W, Z be vector spaces, let F : V. — Wand H : W — Z
be linear maps, and let T € T*(W*) and S € T™(W*). We have:

(1) F{(T ®S) = (F*T) ® (F*S);
(2) If T is alternating then so is F*T;
(3) F*(T AS) = (F*T) A (F*S);
(4) (FoH)*=H*oF*
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Proof Exercise 1.15(5) |
Another important fact about alternating tensors is the following.

Theorem 1.13 Let F : V — V be a linear map and let T € A"(V*). Then
F*T = (det A)T, where A is any matrix representing F.

Proof As A™(V*)is 1-dimensional and F* is a linear map, F* is just multiplication
by some constant C. Let us consider an isomorphism H between V and R”. Then,
H* det is an alternating n-tensor in V, and so F*H* det = C H* det. Hence

(H"Y*F*H*det = Cdet & (H o F o H™")*det = C det & A*det = C det,

where A is the matrix representation of F induced by H. Taking the standard basis
inR”, {eq, ..., e,}, we have

A*det(ey,...,e,) = Cdet(eq,...,e,) =C,

and so
det (Aeq, ..., Ae,) =C,

implying that C = det A. ]

Remark 1.14 By the above theorem, if T € A"(V*) and T # 0, then two or-
dered basis {vi,...,v,} and {wq, ..., w,} are equivalently oriented if and only if
T(vy,...,vy)and T(wy, ..., w,) have the same sign.

Exercise 1.15

(1) Show that the tensor product is bilinear and associative but not commutative.
(2) Find a basis for the space 75" (V*, V) of mixed (k, m)-tensors.
(3) If T € T*(V*), show that

(a) Alt(T) is an alternating tensor;
(b) if T is alternating then Alt(T) = T},
(c) Alt(Alt(T)) = Alt(T).

(4) Prove Proposition 1.10.
(5) Prove Proposition 1.12.
(6) LetTy,..., T, € V*. Show that

(TN AT, .o, vg) = det [Ti(v))].

(7) Show thatLet Ty, ..., Ty € A'(V*) = V* are linearly independent if and only
ifTy A~ AT #0.
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(8) LetT € A¥(V*) andletv € V. We define contraction of T by v, t(v)T, as the
(k — 1)-tensor given by

COHTYW1,y ooy Vi—1) =T W, V1, oy VE—1).

Show that:

@ t(v)O)T) = —t(v2)((v)T);
(b) if T € A¥(V*) and S € A™(V*) then

LT AS) = OWT) AS+ (=DFT A (1) S).

2.2 Tensor Fields

The definition of a vector field can be generalized to tensor fields of general type.
For that, we denote by T;‘M the dual of the tangent space T}, M at a point p in M
(usually called the cotangent space to M at p).

Definition 2.1 A (k, m)-tensor field is a map that to each point p € M assigns a
tensor T € ’T’“’"(T;‘M, T,M).

Example 2.2 A vector field is a (0, 1)-tensor field (or a 1-contravariant tensor field),
that is, a map that to each point p € M assigns the 1-contravariant tensor X, € T, M.

Example 2.3 Let f : M — R be a differentiable function. We can define a (1, 0)-
tensor field df which carries each point p € M to (df),, where

df),: T,M — R

is the derivative of f at p. This tensor field is called the differential of f. For
any v € T,M we have (df),(v) = v - f (the directional derivative of f at p
along the vector v). Considering a coordinate system x : W — R", we can write

v=2>", Vi (%)p, and so

i 0f
@f),(v) = Zv 57 @),

where f =fo x~!. Taking the coordinate functions x’ : W — R, we can obtain
1-forms dx' defined on W. These satisfy

; 0
@ ((a_) ) -
P
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and so they form a basis of each cotangent space T;M , dual to the coordinate

basis H(%) R (%) } of T, M. Hence, any (1, 0)-tensor field on W can be
p p

written asw = >, widx!, where w; : W — R is such that w; (p) = wp ((%) )
p

In particular, df can be written in the usual way
n R
of ;
@f)p =2 25 x(p)Ex).
i=1

Remark 2.4 Similarly to what was done for the tangent bundle, we can consider the
disjoint union of all cotangent spaces and obtain the manifold

T*M = U "M
peM

called the cotangent bundle of M. Note that a (1, 0)-tensor field is just a map from
M to T*M defined by

pl—)u)peT;M.

This construction can be easily generalized for arbitrary tensor fields.

The space of (k, m)-tensor fields is clearly a vector space, since linear combina-
tions of (k, m)-tensors are still (k, m)-tensors. If W is a coordinate neighborhood

of M, we know that {(dxi)p} is a basis for T;,“M and that [(%) } is a basis for
p

T, M. Hence, the value of a (k, m)-tensor field T at a point p € W can be written as
the tensor

. . 0 0
Ty =2 a3 (P)dx), @ ® (dx'), @ (a_) 28 (5 )

where the a/'"/"

e W= R are functions which at each p € W give us the
components of 7, relative to these bases of 7;M and T), M. Just as we did with
vector fields, we say that a tensor field is differentiable if all these functions are
differentiable for all coordinate systems of the maximal atlas. Again, we only need
to consider the coordinate systems of an atlas, since all overlap maps are differentiable

[cf. Exercise 2.8(1)].

Example 2.5 The differential of a smooth function f : M — Ris clearly a differen-

tiable (1, 0)-tensor field, since its components % o x on a given coordinate system

0.
x : W — R" are smooth.

An important operation on covariant tensors is the pull-back by a smooth map.
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Definition 2.6 Let f : M — N be a differentiable map between smooth manifolds.
Then, each differentiable k-covariant tensor field 7 on N defines a k-covariant tensor
field f*T on M in the following way:

(f*T)pi, o) = Triny (@) pyvis ... (df) pvi),
forvy,...,vx € TyM.

Remark 2.7 Notice that (f*T),, is just the image of T'¢(p) by the linear map (df), :
Tk(T}"(p)N) — Tk(TIj‘M) induced by (df), : T,M — Ty N (cf. Sect.2.1).
Therefore the properties f*(aT + 8S) = a(f*T) + S(f*S) and f*(T ® S) =
(f*T)® (f*S) hold for all a, B € R and all appropriate covariant tensor fields 7', S.
We will see in Exercise2.8(2) that the pull-back of a differentiable covariant tensor
field is still a differentiable covariant tensor field.

Exercise 2.8

(1) Find the relation between coordinate functions of a tensor field in two overlap-
ping coordinate systems.

(2) Show that the pull-back of a differentiable covariant tensor field is still a differ-
entiable covariant tensor field.

(3) (Lie derivative of a tensor field) Given a vector field X € X (M), we define the
Lie derivative of a k-covariant tensor field 7 along X as

d
LxT = = @*T)
X T (r )|r=0

where ¢, = F(-, t) with F the local flow of X at p.
(a) Show that

Lx(T(Yy,....Y) =LxT)(Y1,..., Yr)
+T(LxY,....Y)+...+T{1,...,LxYy),

i.e. show that

X - (T(Y1,....,Yx)=LxT)Y1,...,Yr)
+T(X."lL....Y)+...+T, ..., [X, YD),

for all vector fields Yi, ..., Yy [cf. Exercises6.11(11) and 6.11(12) in
Chap. 1].
(b) How would you define the Lie derivative of a (k, m)-tensor field?
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2.3 Differential Forms

Fields of alternating tensors are very important objects called forms.

Definition 3.1 Let M be a smooth manifold. A form of degree k (or k-form) on M
is a field of alternating k-tensors defined on M, that is, a map w that, to each point
p € M, assigns an element w, € Ak(T[fM).

The space of k-forms on M is clearly a vector space. By Theorem 1.9, given a
coordinate system x : W — R”", any k-form on W can be written as

w = Zw;dx]
I

where I = (i1, ...,ix) denotes any increasing index sequence of integers in
{1,...,n}, dx' is the form dx' A --- A dx%, and the w; are functions defined
on W. It is easy to check that the components of w in the basis {dx"! @ - -- ® dx*}
are +wj. Therefore w is a differentiable (k, 0)-tensor (in which case it is called a
differential form) if the functions w; are smooth for all coordinate systems of the
maximal atlas. The set of differential k-forms on M is represented by QX (M). From
now on we will use the word “form” to mean a differential form.

Given a smooth map f : M — N between differentiable manifolds, we can
induce forms on M from forms on N using the pull-back operation (cf. Definition 2.6),
since the pull-back of a field of alternating tensors is still a field of alternating tensors.

Remark 3.2 If g : N — R is a O-form, that is, a function, the pull-back is defined
as f*g=go f.

It is easy to verify that the pull-back of forms satisfies the following properties.

Proposition 3.3 Let f : M — N be a differentiable map and «, B forms on N.
Then,

(i) fflat+pP) = frat+ f*5
(it) f*(ga) = (go f)f*a = (f*9)(f*®) for any function g € C*(N);
(iti) f*(aAB)=(f ) A (f*B);
(iv) g*(f*a) = (f o g)*a for any map g € C*°(L, M), where L is a differentiable
manifold.

Proof Exercise3.8(1) U

Example 3.4 If f : M — N is differentiable and we consider coordinate systems
x:V = R" y: W — R"respectively on M and N, we have y// = fi(xl, e x™)
fori =1,...,nand f = yo fox~! the local representation of f.Ifw = > wrdy!
is a k-form on W, then by Proposition 3.3,
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fro=f* (Z wzdy’) =D (fron(frdy’y =D (wro Y A A (fHdy™).

1 1 1
Moreover, forv e T, M,

(7 @y = @) (@) = (a0 ) 0,
that is, f*(dy') = d(y' o f). Hence,

fro=> wroHdy" o YA Ady* o f)
1

=D wroHd(f" ox) A Ad(fox).
1

If k = dim M = dim N = n, then the pull-back f*w can easily be computed from
Theorem 1.13, according to which

(f*dy' A--- Ady™), = det (d fepdx' A Adx"),. 2.1)

Given any form w on M and a parameterization ¢ : U — M, we can consider
the pull-back of w by ¢ and obtain a form defined on the open set U, called the local
representation of w on that parameterization.

Example 3.5 Letx : W — R” be a coordinate system on a smooth manifold M and
consider the 1-form dx' defined on W. The pull-back p*dx’ by the corresponding
parameterization ¢ := x~! is a 1-form on an open subset U of R” satisfying

n

* g0 * g0 E j 9 i " j —a
(gp dx )X(V) = ((p dx )X j=1 vj (ax])x = (d.x )p ;vf(dQO)x (3x/)x
= (dx") En v (i) =V = (dx")(v)
P ox/J o

j=1 P

forx e U, p = p(x) and v = Z?:l v/ (%) € T,U. Hence, just as we had
X X

( 4 )p = (d)y ( 2 )x, we now have (dx), = ¢*(dx'),, and so (dx'), is the

oxT oxl

I-form in W whose local representation on U is (dxh)y.

If w = >, widx! is a k-form defined on an open subset of R”, we define a
(k + 1)-form called exterior derivative of w as

dw = Zdu}] Adxl.
I
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Example 3.6 Consider the form w = —
Then,

x2+J2 dx + 2+ > dy defined on R?\{0}.

Y x
dw:d(—m)/\dx—i—d(m)/\dy

2 _ .2 2_ .2
—x —
= _dyndx+ 2

———=dx ANdy =0.
2+ 2)2 2+ 2)2 Yy

The exterior derivative satisfies the following properties:

Proposition 3.7 If o, w, wy, wy are forms on R”", then

(i) d(wi +wr) = dwy +dws;

(ii) ifwis k-form,d(w A a) =dw A o+ (—l)kw Nda;
(iii) d(dw) = 0;
(iv) if f:R™ — R" is smooth, d(f*w) = f*(dw).

Proof Property (i) is obvious. Using (i), it is enough to prove (ii) for w = a;dx'
and o = bydx”:

dw A a) =d(arbydx’ ANdx?) =d(arby) Adx' Adx’
= (byjda; +a;dby) AdxT A dx?
=byda; Adx' Andx? +ajdby Adx' Adx?
=dw A a+ (—D*ardx! Adby Adx?
=dw A a+ (—DFw A da.

Again, to prove (iii), it is enough to consider forms w = a;dx’. Since

o
dw = daj A dx' Zﬂd Adx!

we have

n n
8%a . .
d(dw) =3 =ade Adxl Adx!

j=li=1

n
82611 8261[ j i I
:Zz(axfﬁxi_axiaxj)dx Adx" ANdx' =0.

i=1 j<i

To prove (iv), we first consider a 0-form g:

fidg) = f Z ) Z(agl f)dfizi((%”)gf;)

i=1 i,j=1
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— 9o f)
=2 o =dgo f)=d(f*g).
=

Then, if w = a;dx’, we have

d(f*w) =d((f*apdf’y =d(f*ap) Adf' + (frapnd@f’y = d(f*ar) ndf!
= (f*das) A (f*dx") = f*(da; Adx") = f*(dw)

(where df! denotes the form df’! A --- A df), and the result follows. O

Suppose now that w is a differential k-form on a smooth manifold M. We define
the (k + 1)-form dw as the smooth form that is locally represented by dw,, for each
parameterization ¢, : U, — M, where w,, := ¢} w is the local representation of w,
that is, dw = (ga;l)*(dwa) on . (U). Given another parameterization g : U —
M such that W := ¢, (Uy) Ng(Ug) # @, it is easy to verify that

(05" 0 pp)*wa = wp.
Setting f equal to . ! o ¢, we have
[Hdwa) = d(f*wa) = dwp.
Consequently,

(g5 dws = (95 f*(dwa)
= (fop; ) (dwa)
= (p5 ) (dwa),
and so the two definitions agree on the overlapping set W. Therefore dw is well

defined. We leave it as an exercise to show that the exterior derivative defined for
forms on smooth manifolds also satisfies the properties of Proposition 3.7.

Exercise 3.8

(1) Prove Proposition 3.3.

(2) (Exterior derivative) Let M be a smooth manifold. Given a k-form w in M we
can define its exterior derivative dw without using local coordinates: given k + 1
vector fields X1, ..., Xx4+1 € X(M),

k+1
dw(X1, ..., Xig) = D (=D"7X; w(Xy, . Xii ..., Xit1)
i=1
+ DX, X1 X X X X,

i<j
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where the hat indicates an omitted variable.

(a) Show that dw defined above is in fact a (k + 1)-form in M, that is,
@ dwoXy, ..., Xi+Yi, ..., Xp41) =
dwo(X1, ..., Xi, oo, Xgr1) +dw(Xy, .. Y ooy Xker1)s
(i) dw(Xy, ..., fXj, ..., Xpp1)=fdw(X1, ..., Xgq1) for any differen-
tiable function f;
(iii) dw is alternating;
(iv) dw(X1, ..., Xgy1)(p) depends only on (X1)p, ..., (Xi41)p- ‘
(b) Letx : W — R” be a coordinate system of M and let w = >"; ajdx'' A
.-+ A dx'* be the expression of w in these coordinates (where the a; are
smooth functions). Show that the local expression of dw is the same as the
one used in the local definition of exterior derivative, that is,

dw = ZdaI Adx"U A A dxE,
]

Show that the exterior derivative defined for forms on smooth manifolds satisfies
the properties of Proposition 3.7.
Show that:

(@) ifw= fldx + f2dy + f3dz is a 1-form on R3 then
dw = g'dy ndz + ¢*dz A dx + g>dx A dy,

where (g, g%, g°) = curl(f!, f2, f3);
(b) ifw = fldy Adz+ f?dz Adx + f3dx A dyis a 2-form on R, then

dw =div(f, 2, 3 dx Ady A dz.

(De Rham cohomology) A k-form w is called closed if dw = 0. If it exists a
(k — 1)-form (3 such that w = d 3 then w is called exact. Note that every exact
form is closed. Let Z* be the set of all closed k-forms on M and define a relation
between forms on Z¥ as follows: o ~ 3 if and only if they differ by an exact
form, that is, if 3 — a = d for some (k — 1)-form 6.

(a) Show that this relation is an equivalence relation.

(b) Let H*(M) be the corresponding set of equivalence classes (called the k-
dimensional de Rham cohomology space of M). Show that addition and
scalar multiplication of forms define indeed a vector space structure on
HK(M).

(c) Let f: M — N be a smooth map. Show that:

(i) the pull-back f* carries closed forms to closed forms and exact forms
to exact forms;
(ii)) if o~ Bon N then f*a ~ f*Fon M,



2.3

(6)

Differential Forms 77

(iii) f* induces a linear map on cohomology f* : HX(N) — HK(M)
naturally defined by f%[w] = [f*w];
(iv) if g : L — M is another smooth map, then (f o g)* = g% o f*.
(d) Show that the dimension of H%(M) is equal to the number of connected
components of M.
(e) Show that H*(M) = 0 for every k > dim M.

Let M be a manifold of dimension 7, let U be an open subset of R” and let w be
a k-form on R x U. Writing w as

w=dt /\ZaIdxl +ijdxj,
I J

where I = (i1, ...,ix—1) and J = (ji, ..., jx) are increasing index sequences,
(x!, ..., x") are coordinates in U and t is the coordinate in R, consider the

operator Q defined by
t
/ a Ids) dx?! s
0]

which transforms k-forms w in R x U into (k — 1)-forms.

QW) (1,x) = Z (

I

(a) Let f : V — U be a diffeomorphism between open subsets of R". Show
that the induced diffeomorphism f :=id x f : R x V — R x U satisfies

f*oQ:Qof*.

(b) Using (a), construct an operator Q which carries k-forms on R x M into
(k — 1)-forms and, for any diffeomorphism f : M — N, the induced
diffeomorphism f:: id x f : Rx M — R x N satisfies f* 0Q = Qof*.
Show that this operator is linear.

(c) Considering the operator Q definedin (b) and theinclusioniy, : M — RxM
of M at the “level” 19, defined by i, (p) = (fo, p), show that w — 7*ifw =
dQuw + Qdw, where ™ : R x M — M is the projection on M.

(d) Show that the maps 7 : H*(M) — H*(R x M) and i}, : H*(R x M) —
H (M) are inverses of each other (and so H*(M) is isomorphic to H k(R x
M)).

(e) Use (d) to show that, for k > 0 and n > 0, every closed k-form in R” is
exact, that is, Hk(R”) =0ifk > 0.

(f) Use (d) to show that, if f,g : M — N are two smoothly homotopic
maps between smooth manifolds (meaning that there exists a smooth map
H : R x M — N such that H(ty, p) = f(p) and H(#1, p) = g(p) for
some fixed #g, 1 € R), then fIi = gﬁ.

(g) We say that M is contractible if the identity map id : M — M is smoothly
homotopic to a constant map. Show that R” is contractible.
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(h) (Poincaré lemma) Let M be a contractible smooth manifold. Show that every
closed form on M is exact, that is, H¥ (M) =0forall k > 0.

(Remark: This exercise is based on an exercise in [GP73 ]).

(7) (Lie derivative of a differential form) Given a vector field X € X(M), we define
the Lie derivative of a form w along X as

d
Lyw = — ;" ,
Xw = (U w)ltzo
where ¢y = F (-, t) with F the local flow of X at p [cf. Exercise2.8(3)]. Show
that the Lie derivative satisfies the following properties:

(@) Lx(wi Awp) = (Lxwi) Awy +wi A (Lxws);
(b) d(Lxw) = Lx(dw);
(c¢) Cartan formula: Lyw = 1(X)dw + d(1(X)w);
(d) Lx(t(Y)w)=t(LxY)w+ (Y)Lxw
[cf. Exercise 6.11(12) on Chap. 1 and Exercise 1.15(8)].

2.4 Integration on Manifolds

Before we see how to integrate differential forms on manifolds, we will start by
studying the R" case. For that let us consider an n-form w defined on an open subset
U of R". We already know that w can be written as

wy = a(x)dx' A Adx",

where a : U — R is a smooth function. The support of w is, by definition, the
closure of the set where w # 0 that is,

suppw = {x € R" | w, # 0}.

We will assume that this set is compact (in which case w is said to be compactly
supported). We define

/w:/a(x)dxl/\--~/\dx" :=/a(x)dxl---dx",
U U U

where the integral on the right is a multiple integral on a subset of R”. This definition
is almost well-behaved with respect to changes of variables in R”. Indeed, if
f 'V — U is adiffeomorphism of open sets of R”, we have from (2.1) that

f*w=(ao f)detdf)dy' A---Ady",
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and so

/f*w:/(aof)(detdf)dy1-~-dy".
Vv Vv

If f is orientation-preserving, then det (df) > 0, and the integral on the right is, by
the change of variables theorem for multiple integrals in R” (cf. Sect.2.7.2), equal to
/; y w- For this reason, we will only consider orientable manifolds when integrating
forms on manifolds. Moreover, we will also assume that supp w is always compact
to avoid convergence problems.

Let M be an oriented manifold, and let A = {(U,, @o)} be an atlas whose
parameterizations are orientation-preserving. Suppose that suppw is contained in
some coordinate neighborhood W,, = ¢ (U,). Then we define

. k
/w.:/ <paw=/ Wa-
M Uq Ua

Note that this does not depend on the choice of coordinate neighborhood: if supp w is
contained in some other coordinate neighborhood W3 = 3(Up), then wg = f*wa,
where f = <p;1 o (g is orientation-preserving, and hence

/ wp = f*woz :/ War-
U, UJ @

To define the integral in the general case we use a partition of unity (cf. Sect. 2.7.2)
subordinate to the cover {W,} of M, i.e. a family of differentiable functions on M,
{pitier, such that:

(i) for every point p € M, there exists a neighborhood V of p such that V N
supp p; = & except for a finite number of p;;
(ii) forevery point p € M, > .., pi(p) = 1;
(iii) 0 < p; < 1 and supp p; C W,, for some element W,,; of the cover.

Because of property (i), suppw (being compact) intersects the supports of only
finitely many p;. Hence we can assume that [ is finite, and then

o= (zpi)w Y

iel iel iel

with w; := p;w and suppw; C W,,. Consequently we define:

R _ *
/ W = E / w; = E / <pmwi.
M iel M iel ¥ Ua
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Remark 4.1

(1) When supp w is contained in one coordinate neighborhood W, the two definitions
above agree. Indeed,

foos he hzee L (3)

iel

=/UZSO*wi=Z/USO*wi=§/Mwi,

iel iel

where we used the linearity of the pull-back and of integration on R”".

(2) The definition of integral is independent of the choice of partition of unity and
the choice of cover. Indeed, if {Pj}jey is another partition of unity subordinate
to another cover { W3} compatible with the same orientation, we have by (1)

Z/Mﬂz‘wZZZ/Mﬁjﬂiw

iel iel jeJ

and

> [ ae=23 [ nie

jeJ jeJ iel

(3) Itis also easy to verify the linearity of the integral, that is,

/aw1+bw2=a/ w1+b/ wy.
M M M

fora,b € R and w;, wy two n-forms on M.
(4) The definition of integral can easily be extended to oriented manifolds with
boundary.

Exercise 4.2

(1) Let M be an n-dimensional differentiable manifold. A subset N C M is said
to have zero measure if the sets cpEl(N ) C U, have zero measure for every
parameterization ¢, : U, — M in the maximal atlas.

(a) Prove that in order to show that N C M has zero measure it suffices to check
that the sets <p(;1 (N) C U, have zero measure for the parameterizations in
an arbitrary atlas.

(b) Suppose that M is oriented. Letw € Q" (M) be compactly supported and let
W = ¢(U) be a coordinate neighborhood such that M\ W has zero measure.

Show that
fo o
M U
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where the integral on the right-hand side is defined as above and always
exists.

(2) Letx, y, z be the restrictions of the Cartesian coordinate functions in R3 to S2,
oriented so that {(1, 0, 0); (0, 1, 0)} is a positively oriented basis of T(g,o, 1)52,
and consider the 2-form

w = xdy Adz +ydz Adx + zdx A dy € Q*(S5).

w
i

using the parameterizations corresponding to

Compute the integral

(a) spherical coordinates;
(b) stereographic projection.

(3) Consider the manifolds
5= {(x’y’z’ w) € R* |x2+y2+zz+w2=2};

T2={(x,y,z,w)eR4|x2+y2=12+w2=1}.

The submanifold 72 < §3 splits S* into two connected components. Let M be
one of these components and let w be the 3-form

w=zdx Ndy ANdw — xdy ANdz A dw.
Compute the two possible values of f yw-

(4) Let M and N be n-dimensional manifolds, f/ : M — N an orientation-
preserving diffeomorphism and w € Q"(N) a compactly supported form.

Prove that
/w:/ fFw.
N M

2.5 Stokes Theorem

In this section we will prove a very important theorem.

Theorem 5.1 (Stokes) Let M be an n-dimensional oriented smooth manifold with
boundary, let w be a (n — 1)-differential form on M with compact support, and let
i : OM — M be the inclusion of the boundary OM in M. Then
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/ i*w:/ dw,
oM M

where we consider OM with the induced orientation (cf. Sect. 9 in Chap. 1).

Proof Let us take a partition of unity {p;};c; subordinate to an open cover of M
by coordinate neighborhoods compatible with the orientation. Then w = >, _; piw
where we can assume / to be finite (w is compactly supported), and hence

dw = de,w = Zd(p,w).

iel iel

By linearity of the integral we then have,

/de = %/Md(piw) and /aMi*w = ;/@Mi*(piw).

Hence, to prove this theorem, it is enough to consider the case where suppw is
contained inside one coordinate neighborhood of the cover. Let us then consider an
(n — 1)-form w with compact support contained in a coordinate neighborhood W.
Let ¢ : U — W be the corresponding parameterization, where we can assume U
to be bounded (supp(¢*w) is compact). Then, the representation of w on U can be
written as

orw = Za‘/ dx' Ao ndx TV A dI T A A dX,
(where each a; : U — Ris a C*°-function), and

* _ _ j—1 a] n
pfdw =dp*w = Z;( 1) £ dx' A AdX".
J

The functions a; can be extended to C°°-functions on H" by letting

N e ATl L n
aj(x], .’xn):{a](x, M if Lo ) eU

0 if (x!,...,x") e H"\U.

If WNOM = &, then i*w = 0. Moreqver, if we consider a rectangle / in H
containing U defined by equations b; < x/ <c; (j =1,...,n), we have

- .1 0a; Oa;
= > (i =L 2 1)/~ 1/ 4T axd
/de /U j:l( ) Ox/ dx! - dx" =D dx
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_Z(—I)J 1/ (/ aajdx]) Vodx/=ldxd o axn
Rn—1
j=1

n

=Z(—1)j7]/ (aj(xl,...,xjfl,cj,xH],...,x”)—
Rr—

J=1

—aj(xl,...,x/_l,bj,xj"'],...,x")) dx' - dxT lax It axt =0,

where we used the Fubini theorem (cf. Sect.2.7.3), the fundamental theorem of
Calculus and the fact that the a; are zero outside U. We conclude that, in this case,
Jop i*w = [}, dw =0.

If, on the other hand, W N OM # & we take a rectangle I containing U now
defined by the equations b; < x/ < cjforj=1,...,n—1,and 0 < x" < ¢,.
Then, as in the preceding case, we have

- . Oa; " . Oa;
_ _1hvJj—1 J l_._ n o__ _1hJj—1 J 1._. n
/de_/U ,~§=1( DI dat et = > (1) /—axj dx'...dx

j=1 !

(o 8
:0+(—1)"—1/ ( “de") dxl - dxn!
Rr—1 0 ax

= (—1)"—1/ 1 (@an(xt, o x" ) —an e X" 0)) dxt e dx !
Rn=

= (=1)" lan(xl,...,x”_l,O)dxl...dx”_l.
R

To compute |, o i*w we need to consider a parameterization ¢ of M defined on
an open subset of R”~! which preserves the standard orientation on R”~! when we
consider the induced orientation on 9M . For that, we can for instance consider the set

U={G". .., x" HeR (=D 22, ..., x"10) e U}

and the parameterization  : U :— dM given by

Q?'(xl,...,xnfl) = go((—l)"xl,xz,...,x"*l,O).

Recall that the orientation on M obtained from ¢ by just dropping the last coordinate
is (—1)" times the induced orientation on OM (cf. Sect.9 in Chap. 1). Therefore
@ gives the correct orientation. The local expression of i : M — M on these
coordinates (i : U — U such thati = ¢! oi o) is given by

l?(xl,...,xnfl) = ((—1)"x1,x2,...,x”71,0) .
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Hence,

/ i*w:/~§5*i*w=/~(io@)*w=/~(cpof)*w=/~f*<p*w.
oM U U 7 U

Moreover,
n
ifptw = i*Zaj dx' A Adx TV AN ATV A A dx"
j=1

n
= (ajoiydi' A AdiTT AT A A dT”
j=1

= (=D"(apoi)dx" A  Adx"T,

sincedi! = (—1)"dx",di" = 0anddi’/ = dx/,for j # 1and j # n.Consequently,

/ i*w = (—1)"/~(anof)dxl-~-dx"_l
oM U

= (—l)"/~a,, ((—1)"x1,x2, ...,x”_l,O) dx' - dx™!
U

:(—1)”/ an(xl,xz,...,x”_l,O)dxl-~-dx"_1:/ dw
Rr-1 M

(where we have used the change of variables theorem). O

Remark 5.2 If M is an oriented n-dimensional differentiable manifold (that is, a
manifold with boundary OM = @), it is clear from the proof of the Stokes theorem

that
/ dw=0
M

for any (n — 1)-differential form w on M with compact support. This can be viewed
as a particular case of the Stokes theorem if we define the integral over the empty
set to be zero.

Exercise 5.3

(1) Use the Stokes theorem to confirm the result of Exercise4.2(3).

(2) (Homotopy invariance of the integral) Recall that two maps fo, f1 : M — N are
said to be smoothly homotopic if there exists a differentiablemap H : Rx M —
N such that H (0, p) = fo(p) and H(1, p) = fi1(p) [cf. Exercise3.8(6)]. If M
is a compact oriented manifold of dimension n and w is a closed n-form on N,

show that
/ fd"w:/ flw.
M M
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(3) (@)

(b)

(©)

Let X € X(S™) be a vector field with no zeros. Show that

XP
X,

H(t, p) = cos(mt)p + sin(mt)

is a smooth homotopy between the identity map and the antipodal map,
where we make use of the identification

X, € T,S" C T,R*" =R,

Using the Stokes theorem, show that

/w>0,

where
n+1
w= D (=D xdxt A ndx T AdX T A Adx
i=1
and §" = 9{x € R"T! | ||lx| < 1} has the orientation induced by the

standard orientation of R"*1,
Show that if » is even then X cannot exist. What about when 7 is odd?

(4) (Degree of a map) Let M, N be compact, connected oriented manifolds of
dimension n, and let f : M — N be a smooth map. It can be shown that there
exists a real number deg( f) (called the degree of f) such that, for any n-form
w € Q"(N),

(a)
(b)

()

(d)

(e)
®

/M fro = deg(f) /N w.

Show that if f is not surjective then deg(f) = 0.

Show that if f is an orientation-preserving diffeomorphism then deg(f) =
1, and thatif f is an orientation-reversing diffeomorphism then deg( f)=—1.
Let f : M — N be surjective and let ¢ € N be a regular value of f.
Show that f~!(g) is a finite set and that there exists a neighborhood W of
g in N such that f~1(W) is a disjoint union of opens sets V; of M with
flv, : Vi = W adiffeomorphism.

Admitting the existence of a regular value of f, show that deg(f) is an
integer . (Remark: The Sard theorem guarantees that the set of critical values of a differentiable map f
between manifolds with the same dimension has zero measure, which in turn guarantees the existence of a
regular value of )‘)

Given n € N, indicate a smooth map f : S' — S! of degree n.

Show that homotopic maps have the same degree.
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(g) Let f:S" — S" be an orientation-preserving diffeomorphism if n is even,
or an orientation-reversing diffeomorphism if » is odd. Prove that f has a
fixed point, that is, a point p € S” such that f(p) = p. (Hint: Show that if f had

no fixed points then it would be possible to construct an homotopy between f and the antipodal map).

2.6 Orientation and Volume Forms

In this section we will study the relation between orientation and differential forms.

Definition 6.1 A volume form (or volume element) on a manifold M of dimension
n is an n-form w such that w, # 0 forall p € M.

The existence of a volume form is equivalent to M being orientable.

Proposition 6.2 A manifold M of dimension n is orientable if and only if there exists
a volume form on M.

Proof Let w be a volume form on M, and consider an atlas {(U,, ¢4)}. We can
assume without loss of generality that the open sets U, are connected. We will
construct a new atlas from this one whose overlap maps have derivatives with positive
determinant. Indeed, considering the representation of w on one of these open sets
U, C R", we have

n
a’

©rw=andx) Ao Adx

where the function a, cannot vanish, and hence must have a fixed sign. If a, is
positive, we keep the corresponding parameterization. If not, we construct a new
parameterization by composing ¢,, with the map

(xl, XY (—xl,xz,...,x”).

Clearly, in these new coordinates, the new function a,, is positive. Repeating this for
all coordinate neighborhoods we obtain a new atlas for which all the functions a,,
are positive, which we will also denote by {(U,, ¢,)}. Moreover, whenever W :=
va(Ua) Npg(Upg) # @, we have w, = (go[;l o Ya)*wg. Hence,

aadx(ll Ao Adxl = (gagl o wa)*(ap dxé A A dxg)
= (a5 095 opa)det(d(py' 0pa))) dxy A Adx]
and so det(d (gogl 0 ©q)) > 0. We conclude that M is orientable.

Conversely, if M is orientable, we consider an atlas {(U,, @)} for which the
overlap maps apél o (p, are such that detd(gogl 0 o) > 0. Taking a partition
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of unity {p;}ic; subordinate to the cover of M by the corresponding coordinate
neighborhoods, we may define the forms

wi = p,~d)cl-1 Ao Adx!
with supp w; = supp p; C @q, (Uy;). Extending these forms to M by making them
zero outside supp p;, we may define the form w := > ,_; w;. Clearly w is a well-

defined n-form on M so we just need to show that w, # O forall p € M. Let p
be a point in M. There is an i € [ such that p;(p) > 0, and so there exist linearly

independent vectors vy, ..., v, € T, M such that (w;),(v1, ..., v,) > 0. Moreover,
for all other j € I\{i} we have (w;),(vi,...,vy) > 0. Indeed, if p ¢ gpaj(Uaj),
then (w;)p(v1, ..., vy) = 0. On the other hand, if p € Pa; (Uaj), then by (2.1)

dx} Ao Adxt = det(d(<p;j‘ 0 Qo )dx} Ao Adx!

and hence
pi(p) -1
W) pi,.oyv) = (det(d(py: © Pa ) (Wi)p(V1, ..., vy) = 0.
pi(p) J
Consequently, w,(v1, ..., v,) > 0, and so w is a volume form. O

Remark 6.3 Sometimes we call a volume form an orientation. In this case the orien-
tation on M is the one for which a basis {vi, ..., v,} of T, M is positive if and only
ifwp(vi,...,vy) > 0.

If we fix a volume form w € Q" (M) on an orientable manifold M, we can define
the integral of any compactly supported function f € C*°(M, R) as

o=l

(where the orientation of M is determined by w). If M is compact, we define its

volume to be
vol(M) :=/ 1=/ w.
M M

(1) Show that M x N is orientable if and only if both M and N are orientable.

(2) Let M be a compact oriented manifold with volume element w € Q" (M). Prove
that if f > ( then fM fw > 0. (Remark: In particular, the volume of a compact manifold is always
positive).

(3) Let M be a compact orientable manifold of dimension n, and letw be an (n — 1)-
form in M.

Exercise 6.4

(a) Show that there exists a point p € M for which (dw), = 0.
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(b) Prove that there exists no immersion f : S! — R of the unit circle into R.

(4) Let f : 8" — S”" be the antipodal map. Recall that the n-dimensional projective
space is the differential manifold RP" = S" /Z,, where the group Z, = {1, —1}
acts on §” through 1 - x = x and (—1) - x = f(x). Let 7 : §" — RP" be the
natural projection.

(a) Prove that w € QK(S") is of the form w = 7*6 for some 0 € Q¥R P") if

and only if f*w = w.
(b) Show that RP" is orientable if and only if » is odd, and that in this case,

/ ™0 = 2/ 0.
n RP"

(c) Show that for n even the sphere S” is the orientable double covering of R P"
[cf. Exercise 8.6(9) in Chap. 1].

(5) Let M be acompact oriented manifold with boundary and w € Q" (M) a volume
element. The divergence of a vector field X € X (M) is the function div(X)

such that
Lxw = (div(X))w

[cf. Exercise 3.8(7)]. Show that

/ div(X) = / U(X)w.
M oM

(6) (Brouwer fixed point theorem)

(a) Let M be an n-dimensional compact orientable manifold with boundary
OM # &. Show that there exists no smooth map f : M — OM satisfying
flom = id.

(b) Prove the Brouwer fixed point theorem: Any smooth map g : B — B of
the closed ball B := {x € R" | ||x]| < 1} to itself has a fixed point, that is,
a pOiIlt JZRS B such that g(p) = p. (Hint: For each point x € B, consider the ray ry starting
at g(x) and passing through x. There is only one point f(x) different from g(x) on ry N dB. Consider the
map f: B — i)B).

2.7 Notes

2.7.1 Section2.1

(1) Given a finite dimensional vector space V we define its dual space as the space
of linear functionals on V.
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Proposition 7.1 If {v{,...,v,} is a basis for V then there is a unique basis
{T1,..., T} of V*dualto {vq, ..., v,}, thatis, such that T; (v;) = §;;.

Proof By linearity, the equations 7; (v;) = ¢;; define a unique set of functionals
T; € V*.Indeed, for any v € V, we have v = Z'}:l ajv; and so

n n
Ti(v) = ZajTi(Vj) = Zajé,-j =a;.
Jj=1 j=1

Moreover, these uniquely defined functionals are linearly independent. In fact,

if
n
T:=> bTi =0,
i=1
then, foreach j = 1, ..., n, we have
n
0=T@)) =D bTi(v;) =bj.
i=1
To show that {T1, ..., T, } generates V*, we takeany S € V*and setbh; := S(v;).
Then, defining 7' := Z?:l biT;,weseethat S(v;) =T (v;)forallj =1,...,n.
Since {vi, ..., v,} is a basis for V, we have S = T. O
Moreover, if {v{, ..., v,}isabasis for V and {T1, ..., T,} is its dual basis, then,

foranyv= > a;v;i e Vand T = > b;T; € V*, we have

Tw) = ZbiTi(V) = Z ajb;Ti(v;) = z ajb;d;j = Zaibi~
=i i=1

i,j=1 i,j=1

If we now consider a linear functional F' on V*, that is, an element of (V*)*, we
have F(T) = T (vg) for some fixed vector vg € V. Indeed, let {v{,...,v,} be
a basis for V and let {T, ..., T,,} be its dual basis. Then if T = >"_, b;T;,
we have F(T) = Z?:l b; F(T;). Denoting the values F(T;) by a;, we get
F(T) = X% _aibj = T(v) for vop = >/, a;v;. This establishes a one-to-
one correspondence between (V*)* and V, and allows us to view V as the space
of linear functionals on V*. Forv € V and T € V*, we write v(T) = T (v).
Changing from a basis {vi, ..., v,} to a new basis {V|, ..., v} in V, we obtain
a change of basis matrix S, whose jth column is the vector of coordinates of
the new basis vector v;. in the old basis. We can then write the symbolic matrix
equation
Ve sv) =1, .. v S,

The coordinate (column) vectors a and b of a vector v € V (a contravariant
1-tensor on V') with respect to the old basis and to the new basis are related by
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by a
b=|: |=5" =S""a,
by dap
since we must have (V{, ..., v,)b = (vi,...,v)a = (V],..., v;l)S’la. On the
other hand, if {Ty, ..., T,} and {7}, ..., T,} are the dual bases of {vi, ..., v}
and {v}, ..., v,}, we have
T, T{
Oty =1 (v’l,...,v;)zl
T, T/

(where, in the symbolic matrix multiplication above, each coordinate is obtained
by applying the covectors to the vectors). Hence,

T T
: (v’l,...,v,’l)S_l=I<::>S_l (vl, ,v;)zl,
T, T,
implying that
Tl/ T
=gt
T T,
The coordinate (row) vectors ¢ = (ai,...,ay) and b = (by,...,b,) of a

I-tensor T € V* (a covariant 1-tensor on V) with respect to the old basis
{T1, ..., T,} and to the new basis {7, ..., T, } are related by

Ty Tl’ Tl’ Tl’
al =bl : < aS| - =b| :
T, T, T, T,

and so b = aS§. Note that the coordinate vectors of the covariant 1-tensors on V
transform like the basis vectors of V (that is, by means of the matrix §) whereas
the coordinate vectors of the contravariant 1-tensors on V transform by means
of the inverse of this matrix. This is the origin of the terms “covariant” and
“contravariant”.
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2.7.2 Section2.4

(1) (Change of variables theorem) Let U, V C R”" be open sets, let g : U — V be
a diffeomorphism and let f : V — R be an integrable function. Then

/fZ/(fOQ)Idetdgl.
\4 U

(2) To define smooth objects on manifolds it is often useful to define them first
on coordinate neighborhoods and then glue the pieces together by means of a
partition of unity.

Theorem 7.1 Let M be a smooth manifold and V an open cover of M. Then
there is a family of differentiable functions on M, {p;}icy, such that:

(i) for every point p € M, there exists a neighborhood U of p such that
U N supp p; = < except for a finite number of p;;
(ii) for every point p € M, > ;. pi(p) = 1;
(iii) 0 < p; < 1 and supp p; C V for some element V € V.

Remark 7.2 This collection p; of smooth functions is called partition of unity
subordinate to the cover V.

Proof Letus first assume that M is compact. For every point p € M we consider
a coordinate neighborhood W), = ¢,(U),) around p contained in an element V),
of V, such that ¢,(0) = p and B3(0) C U, (where B3(0) denotes the ball of
radius 3 around 0). Then we consider the C*°-functions (cf. Fig.2.1)

Y

Fig. 2.1 Graphs of the functions X and &
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AMR—-R
RS
[N eG-De-2) if 1 <x <2
0 otherwise
h:R—-R
[2A@) dt
X H 2— 5
Iy A@) dt
8 :R" =R

x = h(lx]) .

Notice that & is a decreasing function with values 0 < h(x) < 1, equal to zero
for x > 2 and equal to 1 for x < 1. Hence, we can consider bump functions
vp : M — [0, 1] defined by

Ble, (@) if g € pp(Up)
Yp(q) =
0 otherwise.

Then supp v, = ¢, (B2(0)) C ¢,(B3(0)) C W), is contained inside an element
V), of the cover. Moreover, {¢,(B1(0))}yem is an open cover of M and so we
can consider a finite subcover {, (B} (O))}f.‘:l such that M = Ule ©p; (B1(0)).
Finally we take the functions

Vpi

=
2.j=1"p;

Note that 21;:1 Yp;(q) # 0 since g is necessarily contained inside some
©p;(B1(0)) and so 7;(g) # 0. Moreover, 0 < p; < 1, > p; = 1 and

supp p; = suppyp; C Vp;.

If M is not compact we can use a compact exhaustion, that is, a sequence
{K;};en of compact subsets of M such that K; C int K;;; and M = U;’ilKi.
The partition of unity is then obtained as follows. The family {¢,(B1(0))}pem
is a cover of K1, so we can consider a finite subcover of K1,

{o0 BIOD. ..., BION].

By induction, we obtain a finite number of points such that

{80,,1 (B1(0)), ..., i, (B1 (0))}
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covers K;\ int K;_1 (a compact set). Then, for each i, we consider the corre-
sponding bump functions

Wl"i""’vl’i,- M — [0, 1].

Note that ;i +--- + Vpi > 0 for every ¢ € K; \ int K;_1 (as there is always

1
one of these functions which is different from zero). As in the compact case, we
can choose these bump functions so that supp Vpi is contained in some element
J

of V. We will also choose them so that supp Y C J Kit1\ Ki—> (an open set).
J
Hence, {’YpiA}ieN,lgjsk,- is locally finite, meaning that, given a point p € M,
there exists an open neighborhood V' of p such that only a finite number of these
functions is different from zero in V. Consequently, the sum > o~ Z];’zl Vi, 1
J

a positive, differentiable function on M. Finally, making

o = r}
J = [’} ki 7
21 2 j=17 v
we obtain the desired partition of unity (subordinate to V). O

Remark 7.3 Compact exhaustions always exist on manifolds. In fact, if U is a
bounded open set of R”, one can easily construct a compact exhaustion {K;};cN
for U by setting

. 1
K; = 1x e U | dist(x,0U) > —
n

If M is a differentiable manifold, one can always take a countable atlas A =
{(U;, vj)}jen such thateach U; is a bounded open set, thus admitting a compact

exhaustion {K};cn. Therefore

U o (k1)

i+j=I leN

is a compact exhaustion of M.

2.7.3 Section2.5

(Fubini theorem)Let A C R" and B C R" be compactintervalsandlet f : Ax B —
R be a continuous function. Then



94 2 Differential Forms

[ = (st )it av
AxB A B
=/ (/ f(x,y)dxl~--dx")dy1...dym'
B A

2.7.4 Bibliographical Notes

The material in this chapter can be found in most books on differential geometry
(e.g. [Boo03, GHLO04]). A text entirely dedicated to differential forms and their
applications is [dC94]. The study of de Rham cohomology leads to a beautiful and
powerful theory, whose details can be found for instance in [BT82].
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Chapter 3
Riemannian Manifolds

The metric properties of R" (distances and angles) are determined by the canonical
Cartesian coordinates. In a general differentiable manifold, however, there are no such
preferred coordinates; to define distances and angles one must add more structure by
choosing a special 2-tensor field, called a Riemannian metric (much in the same
way as a volume form must be selected to determine a notion of volume). This
idea was introduced by Riemann in his 1854 habilitation lecture “On the hypotheses
which underlie geometry”, following the discovery (around 1830) of non-Euclidean
geometry by Gauss, Bolyai and Lobachevsky (in fact, it was Gauss who suggested the
subject of Riemann’s lecture). It proved to be an extremely fruitful concept, having
led, among other things, to the development of Einstein’s general theory of relativity.

This chapter initiates the study of Riemannian geometry. Section 3.1 introduces
Riemannian metrics as tensor fields determining an inner product at each tangent
space. This naturally leads to a number of concepts, such as the length of a vector
(or a curve), the angle between two vectors, the Riemannian volume form (which
assigns unit volume to any orthonormal basis) and the gradient of a function.

Section 3.2 discusses differentiation of vector fields. This concept also requires in-
troducing some additional structure, called an affine connection, since vector fields
on a differentiable manifold do not have preferred Cartesian components to be differ-
entiated. It provides a notion of parallelism of vectors along curves, and consequently
of geodesics, that is, curves whose tangent vector is parallel. Riemannian manifolds
come equipped with a special affine connection, called the Levi-Civita connection
(Sect. 3.3), whose geodesics have distance-minimizing properties (Sect. 3.4). This is
in line with the intuitive idea that the shortest distance route between two points is
one that does not turn.

Finally, the Hopf-Rinow theorem, relating the properties of a Riemannian man-
ifold as a metric space to the properties of its geodesics, is proved in Sect.3.5. This
theorem completely characterizes the important class of complete Riemannian man-
ifolds.
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3.1 Riemannian Manifolds

To define Riemannian manifolds we must first take a closer look at 2-tensors.

Definition 1.1 A tensor g € TZ(T[’,“M ) is said to be

(1) symmetric if g(v, w) = g(w, v) forall v, w € T, M;
(ii) nondegenerate if g(v, w) = 0 for all w € T, M implies v = 0;
(iii) positive definite if g(v, v) > O forallv € T, M \ {0}.

A covariant 2-tensor field g is said to be symmetric, nondegenerate or positive
definite if g, is symmetric, nondegenerate or positive definite for all p € M. If
x : V — R"is alocal chart, we have

n
g = Z gijdxi ®dx/
i,j=1

o g 0
9 =9\ 5 57 )

It is easy to see that g is symmetric, nondegenerate or positive definite if and only if
the matrix (g;;) has these properties [see Exercise 1.10(1)].

in V, where

Definition 1.2 A Riemannian metric on a smooth manifold M is a symmetric
positive definite smooth covariant 2-tensor field g. A smooth manifold M equipped
with a Riemannian metric g is called a Riemannian manifold, and is denoted by

(M, g).

A Riemannian metric is therefore a smooth assignment of an inner product to
each tangent space. It is usual to write

g[?(va w) = <U, w)p-
Example 1.3 (Euclidean n-space) It should be clear that M = R" and
n ) )
g= de’ ® dx'
i=1
define a Riemannian manifold.

Proposition 1.4 Let (N, g) be a Riemannian manifold and f : M — N an immer-
sion. Then f*g is a Riemannian metric in M (called the induced metric).

Proof We just have to prove that f*g is symmetric and positive definite. Let p € M
and v, w € T, M. Since g is symmetric,
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(f*g)[)(v7 w) = gf(p)((df)pv, (df)pw) = gf(p)((df)pwa (df)pv) = (f*g)p(w’ v).

On the other hand, it is clear that (f*g), (v, v) > 0, and

(f*9)p,v) =0= gr(df)pv, ([df)pv) =0= (df)pv=0=v=0
(as (df)p is injective). O

In particular, any submanifold M of a Riemannian manifold (N, g) is itself a
Riemannian manifold. Notice that, in this case, the induced metric at each point p €
M is just the restriction of g, to T,M C T,N. Since R" is a Riemannian manifold
(cf. Example 1.3), we see that any submanifold of R” is a Riemannian manifold. The
Whitney theorem then implies that any manifold admits a Riemannian metric.

It was proved in 1954 by John Nash [Nas56] that any compact n-dimensional
Riemannian manifold can be isometrically embedded in RY for N = w (that
is, embedded in such a way that its metric is induced by the Euclidean metric of
RM). Gromov [GR70] later proved that one can take N = Mz(”ﬁ) Notice that, for
n = 2, Nash’s result gives an isometric embedding of any compact surface in R'7, and
Gromov’s in R19. In fact, Gromov has further showed that any surface isometrically
embeds in R>. This result cannot be improved, as the real projective plane with the
standard metric [see Exercise 1.10(3)] cannot be isometrically embedded into R*.

Example 1.5 The standard metric on

$"={x e R | xl = 1)
is the metric induced on S” by the Euclidean metric on R"*!. A parameterization of
the open set

U={xeS§ x>0

is for instance

(ﬂ(xl»-u,xn):()Cl,...,xn,\/l—(xl)z_..._(xn)Z),

and the corresponding coefficients of the metric tensor are

o dp Jp Yy xixd
9=\ o | =t TG

Two Riemannian manifolds will be regarded as the same if they are isometric.

Definition 1.6 Let (M, g) and (N, 1) be Riemannian manifolds. A diffeomorphism
f M — N issaid to be an isometry if f*h = ¢. Similarly, a local diffeomorphism
f M — N is said to be a local isometry if f*h = g.
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1
A Riemannian metric allows us to compute the length ||[v|| = (v, v)2 of any
vector v € T'M (as well as the angle between two vectors with the same base point).
Therefore we can measure the length of curves.

Definition 1.7 If (M, (-, -)) is a Riemannian manifold and ¢ : [a,b] — M is a
differentiable curve, the length of ¢ is

b
I(e) = / 1) ldr.

The length of a curve segment does not depend on the parameterization [see
Exercise 1.10(5)].

Recall that if M is an orientable n-dimensional manifold then it possesses volume
elements, that is, differential forms w € Q" (M) such that w, # 0 for all p € M.
Clearly, there are as many volume elements as differentiable functions f € C*°(M)
without zeros.

Definition 1.8 If (M, g) is an orientable Riemannian manifold, w € Q" (M) is said
to be a Riemannian volume element if

wp(v1, ..., vp) = £l

for any orthonormal basis {vy, ..., v,} of T,M and all p € M.

Notice that if M is connected there exist exactly two Riemannian volume elements
(one for each choice of orientation). Moreover, if @ is a Riemannian volume element
and x : V — R is a chart compatible with the orientation induced by w, one has

o= fdx' A...Adx"

for some positive function

P 9
=w ol 3 )

If S is the matrix whose columns are the components of 33?, .
orthonormal basis with the same orientation, we have

s 37 ON some

f = detS = (det (52))% — (det (57S))? = (det(gi)))*

since clearly S’ S is the matrix whose (i, j)thentry is the inner product g (a;i,, %) =
gij-
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A Riemannian metric (-, -) on M determines a linear isomorphism &, : T, M —

T;,"M forall p € M defined by ®,4(v)(w) = (v, w) forall v, w € T, M. This extends
to an isomorphism between X(M) and Q!(M). In particular, we have

Definition 1.9 Let (M, g) be a Riemannian manifold and f : M — R a smooth
function. The gradient of f is the vector field grad f associated to the 1-form df
through the isomorphism determined by g.

Exercise 1.10

ey

@)
3

“

(6)

(6)

Letg =211 0i dx' ® dx! TZ(T;‘M). Show that:

(a) gissymmetricifandonlyif g;; = g;; (i, j=1,...,n);

(b) g is nondegenerate if and only if det(g;;) # 0;

(¢c) g is positive definite if and only if (g;;) is a positive definite matrix;

(d) if g is nondegenerate, the map @, : T,M — T;‘M given by ®,4(v)(w) =
g(v, w) forall v, w € T, M is a linear isomorphism;

(e) if g is positive definite then g is nondegenerate.

Prove that any differentiable manifold admits a Riemannian structure without

invoking the Whitney theorem. (Hint: Use partitions of unity).

(a) Let (M, g) be a Riemannian manifold and let G be a discrete Lie group
acting freely and properly on M by isometries. Show that M /G has a natural
Riemannian structure (called the quotient structure).

(b) How would you define the flat square metric on the n-torus 7" = R" /Z"?

(¢) How would you define the standard metric on the real projective n-space
RP" = 8§"/7,?

Recall that given a Lie group G and x € G, the left translation by x is the

diffeomorphism L, : G — G givenby L,(y) = xyforally € G. ARiemannian

metric g on G is said to be left-invariant if L, is an isometry for all x € G.

Show that:

@) g(,-) = () is left-invariant if and only if
(v, w), = ((de—l)x v, (de—l)x w)e

forall x € G and v, w € TG, where e € G is the identity and (-, -), is an
inner product on the Lie algebra g = 7, G;

(b) the standard metric on S = SU(2) is left-invariant;

(¢) the metric induced on O (n) by the Euclidean metric of M, ., = R is
left-invariant.

We say that a differentiable curve y : [o, B] — M is obtained from the curve
¢ : [a,b] — M by reparameterization if there exists a smooth bijection f :
[, B] — la, b] (the reparameterization) such that y = ¢ o f. Show that if y is
obtained from c by reparameterization then I(y) = I(c).

Let (M, g) be a Riemannian manifold and f € C*°(M). Show thatif a € R is
a regular value of f then grad( f) is orthogonal to the submanifold f~!(a).
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3.2 Affine Connections

If X and Y are vector fields in Euclidean space, we can define the directional deriv-
ative VxY of Y along X. This definition, however, uses the existence of Cartesian
coordinates, which no longer holds in a general manifold. To overcome this difficulty
we must introduce more structure:

Definition 2.1 Let M be a differentiable manifold. An affine connection on M is a
map V : X(M) x X(M) — X(M) such that

() VixygvZ = fVxZ +gVyZ,
(i) Vx(Y +2) =VxY + VxZ;
(i) Vx(fY)=(X Y + fVxY
forall X, Y, Z € X(M) and f, g € C®°(M, R) (we write VxY := V(X, Y)).
The vector field VxY is sometimes known as the covariant derivative of Y
along X.

Proposition 2.2 Let V be an affine connectionon M, let X, Y € X(M)and p € M.
Then (VxY), € TyM depends only on X, and on the values of Y along a curve
tangent to X at p. Moreover, if x : W — R" are local coordinates on some open set

W C M and
n 5 n g
X: Xl—., Y= Yl—.

on this set, we have

n
3
vxyzz X - Yl+§ T X7k o (3.1)
0x

i=1 Jj.k=1

where the n’ differentiable functions Fj. « - W — R, called the Christoffel symbols,
are defined by

9 =0
Vo —=> Th—. (3.2)

Proof 1t is easy to show that an affine connection is local, that is, if X, Y € X(M)
coincide with X, Y € X(M) in some open set W C M then VyY = VXY on W
[see Exercise2.6(1)]. Consequently, we can compute VyY for vector fields X, Y
defined on W only. Let W be a coordinate neighborhood for the local coordinates x :
W — R", and define the Christoffel symbols associated with these local coordinates
through (3.2). Writing out

VyY = V( ) nyaxj
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and using the properties listed in definition (2.1) yields (3.1). This formula shows
that (VxY), depends only on X' (p), Y'(p) and (X - Y")(p). Moreover, X' (p) and
Y!(p) depend only on Xpand Yy, and (X - YH(p) = %Yi(c(t))hzo depends only
on the values of Y* (or Y) along a curve ¢ whose tangent vector at p = c(0) is X .

O

Remark 2.3 Locally, an affine connection is uniquely determined by specifying its
Christoffel symbols on a coordinate neighborhood. However, the choices of Christof-
fel symbols on different charts are not independent, as the covariant derivative must
agree on the overlap.

A vector field defined along a differentiable curve c : I — M is adifferentiable
map V : I — TM such that V(t) € T, M for all t € I. An obvious example is
the tangent vector ¢(¢). If V is a vector field defined along the differentiable curve
¢ 1 — M with ¢ # 0, its covariant derivative along c is the vector field defined
along c given by

DV
70) =VeryV=xY)ew

for any vector fields X, Y € X(M) such that X ) = ¢(¢) and Y 5y = V(s) with
s € (t—e,t+¢) forsome ¢ > 0. Note that if ¢(#) # 0 such extensions always exist.
Proposition 2.2 guarantees that (VxY).(;) does not depend on the choice of X, Y. In
fact, if in local coordinates x : W — R” we have x'(¢) := x’(c(¢)) and

n ) 9
V)= V@) (—) :
; 0x )

then

n

DV .. " . . 0
_ i i () Vk
a1 (1) = E Vi) + E [ (c@)x () V= (1) (axi)cm-

i=1 Jj.k=1

Definition 2.4 A vector field V defined along a curve ¢ : I — M is said to be

parallel along c if
DV ") =0
dt

for all # € I. The curve c is called a geodesic of the connection V if ¢ is parallel
along c, i.e. if

D¢

— () =0

dt()
forallt € I.

In local coordinates x : W — R”, the condition for V to be parallel along c is
written as
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n
Vit D ThivE=0 (=1.....n). (3.3)
k=1

This is a system of first-order linear ODEs for the components of V. By the Picard—
Lindelof theorem, together with the global existence theorem for linear ODEs
[Arn92], given a curve ¢ : I — M, apoint p € ¢(I) and a vector v € T,M,
there exists a unique vector field V : I — T M parallel along ¢ such that V(0) = v,
which is called the parallel transport of v along c.

Moreover, the geodesic equations are

n
a4y rdib=0 i=1.....n). (34)
j.k=1

This is a system of second-order (nonlinear) ODEs for the coordinates of ¢(¢). There-
fore the Picard—Lindel6f theorem implies that, given a point p € M and a vector
v € T, M, there exists a unique geodesic ¢ : I — M, defined on a maximal open
interval I such that O € I, satisfying ¢(0) = p and ¢(0) = v.

We will now define the torsion of an affine connection V. For that, we note that,
in local coordinates x : W — R”", we have

0

n n
VxY - VpX =S [X-¥ —v. X' 4 er.k(xfyk—yfx") o

i=1 jk=1
c 9
- N
_[X’Y]—i_';l( = Thy) XY=
L, ], K=

Definition 2.5 The torsion operator of a connection V on M is the operator T :
X(M) x X(M) — X(M) given by

T(X,Y)=VxY — VyX —[X, Y],

for all X, Y € X(M). The connection is said to be symmetric if 7 = 0.

The local expression of T'(X, Y) makes it clear that 7 (X, Y), depends linearly
on X, and Y. In other words, T is the (2, 1)-tensor field on M given in local
coordinates by

n

N d
_ ) k
r= 21{ I(F}k—l‘,’(j)dx’@dx ® 5
L], K=

(recall from Remark 1.3 in Chap.2 that any (2, 1)-tensor T € T>'(V*, V) is
naturally identified with a bilinear map ®7 : V* x V* — V = V** through
Or(v, w)(a) =T, w,a) forallv,w € V, a € V¥).
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Notice that the connection is symmetric if and only if VxY — Vy X = [X, Y]
for all X,Y € X(M). In local coordinates, the condition for the connection to be
symmetric is

=T Gjk=1....n
(hence the name).

Exercise 2.6

(1) (a) Show that if X, Y € X(M) coincide with X, Y € X(M) in some open set
W C M then ny = Vg? on W. (Hint: Use bump functions with support contained on W
and the properties listed in definition 2.1).
(b) Obtain the local coordinate expression (3.1) for Vx Y.
(c) Obtain the local coordinate Eq. (3.3) for the parallel transport law.
(d) Obtain the local coordinate Eq. (3.4) for the geodesics of the connection V.
(2) Determine all affine connections on R”. Of these, determine the connections
whose geodesics are straight lines c(¢) = at + b (witha, b € R").
(3) Let V be an affine connection on M. If v € Q'(M) and X € X(M), we define
the covariant derivative of w along X, Vxw € Ql(m), by

Vxo) =X (o)) —o(VxY)

forall Y € X(M).

(a) Show that this formula defines indeed a 1-form, i.e. show that (Vxw (Y)) (p)
is a linear function of Y,.
(b) Show that
(i) Vixigro = fVxo+gVyw;
(i) Vx(w+n) = Vxo+ Vxn;
(i) Vx(fw) = (X" flo+ fVxow
forall X, Y € X(M), f,g € C®°(M) and w, n € Q1 (M).
(c) Letx : W — R”" be local coordinates on an open set W C M, and take

n
w = Zwidx’.
i=1

Show that

n n
an)zz X-a),-— Z Flj‘»ina)k dx*.
i=1 J.k=1

(d) Define the covariant derivative Vx 7T for an arbitrary tensor field 7 in M,
and write its expression in local coordinates.
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3.3 Levi-Civita Connection
In the case of a Riemannian manifold, there is a particular choice of connection,
called the Levi-Civita connection, with special geometric properties.

Definition 3.1 A connection V in a Riemannian manifold (M, (-, -)) is said to be
compatible with the metric if

X -(Y,Z)=(VxY,Z)+(Y,VxZ)

forall X, Y, Z € X(M).

If V is compatible with the metric, then the inner product of two vector fields V;
and V,, parallel along a curve, is constant along the curve:

d

Z(Vl(t), Vo)) = (Very Vi(@), Va@)) + (Vi (1), Vi Va (1)) = 0.

In particular, parallel transport preserves lengths of vectors and angles between vec-
tors. Therefore, if ¢ : I — M is a geodesic, then ||¢(¢)|| = k is constant. If a € 1,
the length s of the geodesic between a and ¢ is

t t
s:/ ||c'(v)||dv=/ kdv=k(t —a).

In other words, ¢ is an affine function of the arclength s (and is therefore called an
affine parameter). In particular, this shows that the parameters of two geodesics
with the same image are affine functions of each other).

Theorem 3.2 (Levi—Civita) If (M, (-, -)) is a Riemannian manifold then there exists
a unique connection V on M which is symmetric and compatible with (-, -). In local

coordinates (x', ..., x™), the Christoffel symbols for this connection are
Lo (dgm  dgi Bgjk
i il J J
) Zg (8xf + axk  ox! (33)
=1

p -1
where (g’f) = (g,-j) .
Proof Let X, Y, Z € X(M). If the Levi-Civita connection exists then we must have
X-(Y,Z)=(VxY, Z)+(Y,VxZ);

Y - (X,Z) = (VyX,Z) + (X, Vy Z);
—Z-(X,Y)=—(VzX.Y) — (X, VzY),
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as V is compatible with the metric. Moreover, since V is symmetric, we must also
have

—([X,Z1.Y)=—(VXZ,Y) +(VzX,Y);
(Y, Z], X) = =(Vy Z, X) + (VzY, X);
([X,Y],Z)=(VxY,Z) — (VyX, Z).

Adding these six equalities, we obtain the Koszul formula

UVXY,Z) =X (Y, Z)+Y - (X,Z)— Z-(X,Y)
—([X, Z], Y) = ([Y, Z], X) + ([X, Y], Z).

Since (-, -) is nondegenerate and Z is arbitrary, this formula determines Vy Y. Thus,
if the Levi-Civita connection exists, it must be unique.

To prove existence, we define Vy Y through the Koszul formula. It is not difficult
to show that this indeed defines a connection [cf. Exercise 3.3(1)]. Also, using this
formula, we obtain

UVxY —VyX,Z) =2VxY, Z) - 2Vy X, Z) = 2[X, Y], Z)
forall X, Y, Z € X(M), and hence V is symmetric. Finally, again using the Koszul
formula, we have

2UVxY, Z) +2(Y,VxZ) =2X - (Y, Z)

and therefore the connection defined by this formula is compatible with the metric.
Choosing local coordinates (x!, ..., x™), we have

ad d d ad
[W’ a_} =0 and <mm>=9ﬁ-

Therefore the Koszul formula yields

g, @ dN_ o0 b
5 oxk axl | T axi N
n
;0 0 1 (Ogu  9gj1  0gjk
= Fl~ —_—, — | — = _ 4 — - —
<lzll kg xi 8xl> 2 (axf axk  ox!

g 9gj1  9gjk
ri S Ak
< Zgll (axf + oxk  ox!

This linear system is easily solved to give (3.5). d
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Exercise 3.3

(1) Show that the Koszul formula defines a connection.
(2) We introduce in R3, with the usual Euclidean metric (-, -), the connection V
defined in Cartesian coordinates (x 1 x2, x3) by

T = weiji,
where @ : R3 — R is a smooth function and

+1 if (i, j, k) is an even permutation of (1, 2, 3)
gijk = 1 —1 if (i, j, k) is an odd permutation of (1, 2, 3)
0  otherwise.

Show that:

(a) V is compatible with (-, -);

(b) the geodesics of V are straight lines;

(c) the torsion of V is not zero in all points where w # 0 (therefore V is not the
Levi-Civita connection unless w = 0);

(d) the parallel transport equation is

3
Vit > weipt/ VE =06 V+o@ExV)=0
jk=1

(where x is the cross product in R3); therefore, a vector parallel along a
straight line rotates about it with angular velocity —wx.

(3) Let (M, g) and (NLE) be isometric Riemannian manifolds with Levi-Civita
connections V and V, and let f : M — N be an isometry. Show that:

(@) fiVxY =V xfu¥ forall X, Y € X(M);
(b) ifc: I — M isageodesic then f oc:I — N is also a geodesic.

(4) Consider the usual local coordinates (9, ¢) in S? C R defined by the parame-
terization ¢ : (0, ) x (0, 2w) — R3 given by

@ (8, @) = (sin 6 cos ¢, sinf sin ¢, cos f).

(a) Using these coordinates, determine the expression of the Riemannian metric
induced on S? by the Euclidean metric of R3.

(b) Compute the Christoffel symbols for the Levi-Civita connection in these
coordinates.

(c) Show that the equator is the image of a geodesic.

(d) Show that any rotation about an axis through the origin in R? induces an
isometry of S2.
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(&)

(e)
()

(€]

(h)
@

Show that the images of geodesics of S? are great circles.

Find a geodesic triangle (i.e. a triangle whose sides are images of geodesics)
whose internal angles add up to 37”

Letc:R — SZbe given by c(t) = (sin 6y cos t, sin 6 sin ¢, cos 6y), where
Oy € (0, %) (therefore c is not a geodesic). Let V be a vector field parallel
along ¢ such that V(0) = 2 (2 is well defined at (sin 6, 0, cos 6p) by
continuity). Compute the angle by which V is rotated when it returns to the
initial point. (Remark: The angle you have computed is exactly the angle by which the oscillation
plane of the Foucault pendulum rotates during a day in a place at latitude % — 6, as it tries to remain fixed
with respect to the stars on a rotating Earth).

Use this result to prove that no open set U C S? is isometric to an open set
W c R? with the Euclidean metric.

Given a geodesic ¢ : R — R? of R? with the Euclidean metric and a point
p ¢ c(R), there exists a unique geodesic ¢ : R — R? (up to reparameter-
ization) such that p € ¢(R) and ¢(R) N ¢(R) = & (parallel postulate). Is
this true in §2?

Recall that identifying each point in

H={(x,y) eR|y>0}

with the invertible affine map 2 : R — R given by i (¢) = yt + x induces a Lie
group structure on H [cf. Exercise 7.17(3) in Chap. 1].

(a)

(b)
(©)

(d)
(e)

Show that the left-invariant metric induced by the Euclidean inner product
dx @dx +dy®dyinh = Tg1)H is

1
g:;(dx@dx—i—dy@dy)

[Cf. Exercise 110(4)] (Remark: H endowed with this metric is called the hyperbolic plane).
Compute the Christoffel symbols of the Levi-Civita connection in the coor-
dinates (x, y).

Show that the curves «, 8 : R — H given in these coordinates by

a(t) = (0, e')

1
B(t) = (tanht, cosht)

are geodesics. What are the sets «(R) and B(R)?

Determine all images of geodesics.

Show that, given two points p, g € H, there exists a unique geodesic through
them (up to reparameterization).



http://dx.doi.org/10.1007/978-3-319-08666-8_1

108

6)

)

(®)

3 Riemannian Manifolds

(f) Give examples of connected Riemannian manifolds containing two points
through which there are (i) infinitely many geodesics (up to reparameteri-
zation); (ii) no geodesics.

(g) Show that no open set U C H is isometric to an open set V C R? with
the Euclidean metric. (Hint: Show that in any neighborhood of any point p € H there is always a
geodesic quadrilateral whose internal angles add up to less than 271).

(h) Does the parallel postulate hold in the hyperbolic plane?

Let (M, (-, -)) be a Riemannian manifold with Levi-Civita connection V, and
let (N, ({(-,-))) be a submanifold with the induced metric and Levi-Civita
connection V.

(a) Show that
VxY = (Vg)'

for all X,Y € X(N), where )?, Y are any extensions of X, Y to X(M)
and T : TM|y — TN is the orthogonal projection.
(b) Use this result to indicate curves that are, and curves that are not, geodesics
of the following surfaces in R3:
(i) the sphere §2;
(i1) the torus of revolution;
(ii1) the surface of a cone;
(iv) a general surface of revolution.
(c) Show that if two surfaces in R are tangent along a curve, then the parallel
transport of vectors along this curve in both surfaces coincides.
(d) Use this result to compute the angle A6 by which a vector V is rotated when
it is parallel transported along a circle on the sphere. (Hint: Consider the cone which
is tangent to the sphere along the circle (cf. Fig.3.1); notice that the cone minus a ray through the vertex is

isometric to an open set of the Euclidean plane).

Let (M, g) be a Riemannian manifold with Levi-Civita connection V. Show that
g is parallel along any curve, i.e. show that

Vxg=0

for all X € X(M) [cf. Exercise2.6(3)].

Let (M, g) be a Riemannian manifold with Levi-Civita connection V, and let
Yy : M — M be a l-parameter group of isometries. The vector field X € X (M)
defined by

d
—  Y(p)

X, =
b dt |-

is called the Killing vector field associated to ;. Show that:

(a) Lxg = 0 [cf. Exercise2.8(3)];
(b) X satisfies (Vy X, Z) + (VzX,Y) = 0 for all vector fields ¥, Z € X(M);
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Fig. 3.1 Parallel transport along a circle on the sphere
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(¢) if ¢ : I — M is a geodesic then (¢(#), X¢()) is constant.
Recall that if M is an oriented differential manifold with volume element w €
Q" (M), the divergence of X is the function div(X) such that

Lxw = (div(X))w

[cf. Exercise 6.4(5) in Chap.2]. Suppose that M has a Riemannian metric and
that @ is a Riemannian volume element.Show that at each point p € M,

n

div(X) = D (Vy, X, Yi),

i=1

where {Y1, ..., Y,} is an orthonormal basis of T, M and V is the Levi-Civita
connection.

3.4 Minimizing Properties of Geodesics

Let M be a differentiable manifold with an affine connection V. As we saw in
Sect.3.2, given a point p € M and a tangent vector v € T}, M, there exists a unique
geodesic ¢, : I — M, defined on a maximal open interval / C R, such that
0 €1, cy(0) = p and ¢,(0) = v. Consider now the curve y : J — M defined by
y(t) = cy(at), where a € R and J is the inverse image of I by the map ¢ — at. We
have

y (1) = acy(ar),


http://dx.doi.org/10.1007/978-3-319-08666-8_2

110 3 Riemannian Manifolds

exp,, (v)

M

Fig. 3.2 The exponential map

and consequently
V¥ = Vae, (@éy) = a? Ve éy = 0.

Thus y is also a geodesic. Since y(0) = ¢,(0) = p and y(0) = ac,(0) = av, we
see that y is the unique geodesic with initial velocity av € T, M (thatis, y = cgy).
Therefore, we have ¢,y (t) = ¢y (at) forall ¢ € 1. This property is sometimes referred
to as the homogeneity of geodesics. Notice that we can make the interval J arbitrarily
large by making a sufficiently small. If 1 € I, we define exp,(v) = cy(1). By
homogeneity of geodesics, we can define exp , (v) for v in some open neighborhood
U of the origin in 7), M. The map exp, : U C T,M — M thus obtained is called
the exponential map at p (Fig.3.2).

Proposition 4.1 There exists an open set U C T, M containing the origin such that
exp, : U — M is a diffeomorphism onto some open set V. C M containing p
(called a normal neighborhood).

Proof The exponential map is clearly differentiable as a consequence of the smooth
dependence of the solution of an ODE on its initial data (cf. [An92]). If v € T, M
is such that exp » (V) is defined, we have, by homogeneity, that exp p (V) = cpp(1) =
¢y (1). Consequently,

d d
(dexp,),v= - exp, (tv)|,_, = ECU(I)\mO =v.



3.4 Minimizing Properties of Geodesics 111

We conclude that (d exp p) 0" To(TyM) = T,M — T, M is the identity map. By the
inverse function theorem, exp, is then a diffeomorphism of some open neighborhood
U of 0 € T) M onto some open set V. C M containing p = exp,(0). (]

Example 4.2 Consider the Levi-Civita connection in S with the standard metric,
and let p € S2. Then exp,(v) is well defined for all v € TPSQ, but it is not a
diffeomorphism, as it is clearly not injective. However, its restriction to the open ball
B;(0) C T, S%isa diffeomorphism onto S2\ {—p}.

Now let (M, (-, -)) be a Riemannian manifold and V its Levi-Civita connection.
Since (-, -) defines an inner product in 7), M, we can think of 7), M as the Euclidean
n-space R". Let E be the vector field defined on 7), M \ {0} by

E v
v= oo
flvll’

and define X := (exp,)«E on V \ {p}, where V. C M is a normal neighborhood.
We have

d v
Xexp,(v) = (d expp)v Ey=—exp,\v+1— ‘
1=0

dt lvll
d ( t ) 1 .
=—c |1+ — = —(y(1).
dr’ ol /),_, ~ ol
Since [[¢y(D]l = Iéu(0)]| = [lv]l, we see that Xexp,(v) is the unit tangent vector to

the geodesic ¢,. In particular, X must satisfy
VxX =0.

For ¢ > 0 such that B,(0) C U := f:xp[_,1 (V), we define the normal ball with center
p and radius ¢ as the open set B.(p) := exp (B (0)), and the normal sphere of
radius ¢ centered at p as the compact submanifold S, (p) := exp,(d B¢(0)). We will
now prove that X is (and hence the geodesics through p are) orthogonal to normal
spheres. For that, we choose a local parameterization ¢ : W ¢ R*~! — §"~1
T, M, and use it to define a parameterization ¢ :(0,400) x W — T, M through

or,0', ... 0" Y =rp@©,...,0"

(hence (r, 01, ...,0" 1) are spherical coordinates on T), M). Notice that

since 95
@
EGr0) = Erpe) = ¢(0) = a—r(r, 0),
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and so 5
X = (expp)*a. (3.6)
Since ﬁ is tangent to {r = ¢}, the vector fields
d
= (€xp,) 37

267 ‘ = H 207 H H 267 H is proportional to

r, and consequently % — 0Oasr — 0, implying that (¥;); — 0, as¢ — p. Since
exp,, is a local diffeomorphism, the vector fields X and ¥; are linearly independent
at each point. Also,

are tangent to S (p). Notice also that H

d I
[X,Yi] = [(eXp,,)* (epr)*ael} = (exp, )« [5, @] =0

[cf. Exercise 6.11(9) in Chap. 1], or, since the Levi-Civita connection is symmetric,
VxY; = Vy X.

To prove that X is orthogonal to the normal spheres S¢(p), we show that X is
orthogonal to each of the vector fields Y;. In fact, since Vx X = O and | X| = 1, we
have

1
X - (X.%;) = (VX X, ¥i) + (X, Vx¥;) = (X, Vv, X) = S¥i - (X, X) =0,
and hence (X, Y;) is constant along each geodesic through p. Consequently,
(X, Yj)(exp,v) = <Xexpp(v)z (Yi)expp(v)> = tlir(l)<xexpp(tv)s (Yi)expp(tv)> =0

(as [[X]| = I and (¥;); — 0, as ¢ — p), and so every geodesic through p is
orthogonal to all normal spheres centered at p. Using this we obtain the following
result.

Proposition 4.3 Let y : [0, 1] = M be a differentiable curve such that y(0) = p
and y (1) € Sc(p), where S¢(p) is a normal sphere. Then [(y) > ¢, and l(y) = ¢ if
and only if y is a reparameterized geodesic.

Proof We can assume that y () # p for all ¢+ € (0, 1), since otherwise we could
easily construct a curve ¥ : [0, 1] - M with ¥(0) = p, (1) = y(1) € S¢(p) and
[(¥) < I(y). For the same reason, we can assume that y ([0, 1)) C B.(p). We can
then write

y (1) = exp, (r(H)n(r)),
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where r(7) € (0, ¢] and n(r) € §"~! are well defined for ¢ € (0, 1]. Note that r(r)
can be extended to [0, 1] as a smooth function. Then

y (1) = (expy)« (F()n(t) + r(n(1)) .

Since (n(t), n(t)) = 1, we have (n(t), n(t)) = 0, and consequently 7(¢) is tangent
to 9B, (;)(0). Noticing that n(t) = (%)r(t)n(t)’ we conclude that

v =r)Xyn +Y@),

where X = (expp)*a% and Y (t) = r(t)(expp)*ﬁ(t) is tangent to S, (p), and hence
orthogonal to X, (;). Consequently,

1
I(y) :/0 (FO Xy + Y0, O Xy + Y (1) d
| :
= [ (0 +1vorR) a
0
1
2/ F(oydt =r(1) —r(0) = e.
0

It should be clear that [(y) = € if and only if ||Y(¢)|| = O and 7/(¢) > O for all t €
[0, 1]. In this case, n(t) = 0 (implying that n is constant), and y (t) = expp(r(t)n) =
crinn (1) = ¢, (r(t)) is, up to reparameterization, the geodesic through p with initial
conditionn € T, M. O

Definition 4.4 A piecewise differentiable curve is a continuous map c : [a, b] —
M such that the restriction of ¢ to [t;_1, ;] is differentiable fori = 1, ..., n, where
a=ty <t <--+<ty,—] <t, =b. Wesay that c connects p € M toq € M if
c(a) =pandc(b) =q.

The definition of length of a piecewise differentiable curve offers no difficulties.
It should also be clear that Proposition 4.3 easily extends to piecewise differentiable
curves, if we now allow for piecewise differentiable reparameterizations. Using this
extended version of Proposition 4.3 as well as the properties of the exponential map
and the invariance of length under reparameterization, one easily shows the following
result.

Theorem 4.5 Let (M, (-, -)) be a Riemannian manifold, p € M and B.(p) a normal
ball centered at p. Then, for each point g € Bg(p), there exists a geodesicc : I — M
connecting p to q. Moreover, if y . J — M is any other piecewise differentiable
curve connecting p to q, then I(y) > I(c), and I(y) = I(c) if and only if y is a
reparameterization of c. ([

Conversely, we have
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Theorem 4.6 Let (M, (-, -)) be a Riemannian manifoldand p,q € M. Ifc : I — M
is a piecewise differentiable curve connecting p to q and [(c) < l(y) for any piece-
wise differentiable curve y : J — M connecting p to q then c is a reparameterized
geodesic.

Proof To prove this theorem, we need the following definition.

Definition 4.7 A normal neighborhood V' C M is called a totally normal neigh-
borhood if there exists ¢ > 0 such that V C B.(p) forall p € V.

We will now prove that totally normal neighborhoods always exist. To do

so, we recall that local coordinates (xl, ...,x") on M yield local coordinates
Lo xm el v on TM labeling the vector
0 0
1 n
JE— N v
d + + ax"

correspond to the system of first-order ODEs

i =
[.- n P i=1,....n).

I _ Jyk
V== Tyl

These equations define the local flow of the vector field X € X(T M) given in local

coordinates by
J k_
X=3n - 3 T
i,j,k=1

called the geodesic flow. As it was seen in Chap. 1, for each point v € T M there
exists an open neighborhood W C T M and an open interval / C R containing 0
such that the local flow F : W x [ — T M of X is well defined. In particular, for
each point p € M we can choose an open neighborhood U containing p and ¢ > 0
such that the geodesic flow is well defined in W x I with

W={veTyM|qeU,I|v| <ce}

Using homogeneity of geodesics, we can make the interval / as large as we want
by making ¢ sufficiently small. Therefore, for ¢ small enough we can define a map
G: W —> MxMby G(v) = (q,exp,(v)). Since exp,(0) = g, the matrix

representation of (dG)g in the above local coordinates is (; (I))’ and hence G is a
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local diffeomorphism. Reducing U and ¢ if necessary, we can therefore assume that G
is a diffeomorphism onto its image G (W), which contains the point (p, p) = G(0)).
Choosing an open neighborhood V of p such that V x V. C G (W), itis clear that V
is a totally normal neighborhood: for each point g € V we have {¢g} x exp g (B:(0)) =
GW)N (g} x M) D {q} x V, thatis, exp, (B:(0)) D V.

Notice that given any two points p, g in a totally normal neighborhood V/, there
exists a geodesic ¢ : I — M connecting p to g such that any other piecewise
differentiable curve y : J — M connecting p to ¢ satisfies I[(y) > I(c) (and
I(y) = I(c) if and only if y is a reparameterization of ¢). The proof of Theorem 4.6
is now an immediate consequence of the following observation: if ¢ : I — M is a
piecewise differentiable curve connecting p to g such that /(c¢) < I(y) for any curve
y : J — M connecting p to g, then ¢ must be a reparameterized geodesic in each
totally normal neighborhood it intersects. O

Exercise 4.8

(1) Let (M, g) be a Riemannian manifold and f : M — R a smooth function. Show
that if || grad(f)|| = 1 then the integral curves of grad( f) are geodesics, using:

(a) the definition of geodesic;
(b) the minimizing properties of geodesics.

(2) Let M be a Riemannian manifold and V the Levi—Civita connection on M. Given
p € M and a basis {vi, ..., v,} for T, M, we consider the parameterization
¢ : U C R" — M of a normal neighborhood given by

Looxh =expp(xlv1 + -+ x"y,)

px
(the local coordinates (x!, ..., x™) are called normal coordinates).
Show that:

(a) in these coordinates, 1"’;. +(P) = 0 (Hint: Consider the geodesic equation);
(b) if {vy, ..., v,} is an orthonormal basis then gij(p) = &ij.

(3) Let G be a Lie group endowed with a bi-invariant Riemannian metric (i.e.
such that L, and R, are isometries for all g € G), andleti : G — G be the

diffeomorphism defined by i (g) = g~ .

(a) Compute (di), and show that

(di)g = (ng_l)e (di)e (dLg_l)g
for all g € G. Conclude that i is an isometry.

(b) Letv € g = TG and ¢, be the geodesic satisfying ¢, (0) = e and ¢, (0) = v.
Show that if ¢ is sufficiently small then ¢, (—t) = (cv(t))_l. Conclude that
¢y 1s defined in R and satisfies ¢, (t + 5) = ¢, (t)cy (s) forall ¢, s € R. (Hint:
Recall that any two points in a totally normal neighborhood are connected by a unique geodesic in that

neighborhood) .
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(c) Show that the geodesics of G are the integral curves of left-invariant vector

fields, and that the maps exp (the Lie group exponential) and exp, (the
geodesic exponential at the identity) coincide.

(d) Let V be the Levi-Civita connection of the bi-invariant metric and X, Y two

(e)
®

left-invariant vector fields. Show that
1
VxY = E[X LY.

Check that the left-invariant metrics Exercise 1.10(4) are actually
bi-invariant.
Show that any compact Lie group admits a bi-invariant metric. (Hint: Take the

average of a left-invariant metric over all right translalions).

(4) Use Theorem 4.6 to prove thatif f : M — N isanisometry andc : I — M is
a geodesic then f oc: I — N is also a geodesic.

(5) Let f : M — M be an isometry whose set of fixed points is a connected
1-dimensional submanifold N C M. Show that N is the image of a geodesic.

(6) Let (M, (-, -)) be a Riemannian manifold whose geodesics can be extended for
all values of their parameters, and let p € M.

(a)

(b)

Let X and Y; be the vector fields defined on a normal ball centered at p as
in (3.6) and (3.7). Show that Y; satisfies the Jacobi equation

VxVxYi = R(X, Y)X,
where R : X(M) x X(M) x X(M) — X(M), defined by
R(X,Y)Z =VxVyZ — VyVxZ — Vix v1Z,

is called the curvature operator (cf. Chap.4). (Remark: It can be shown that
(R(X,Y)Z)p depends only on X, ¥p, Z,,).

Consider a geodesic ¢ : R — M parameterized by the arclength such that
c(0) = p. A vector field Y along c is called a Jacobi field if it satisfies the
Jacobi equation along c,

DY

Show that Y is a Jacobi field with Y (0) = 0 if and only if

ad
Y(t) = 35 expp(tv(s))|

s=0

with v : (—¢, &) = T, M satisfying v(0) = ¢(0).
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(©)

(d)

(e)

A point g € M is said to be conjugate to p if it is a critical value of exp,,.
Show that g is conjugate to p if and only if there exists a nonzero Jacobi
field Y along a geodesic ¢ connecting p = c(0) to ¢ = ¢(b) such that
Y(0) = Y (b) = 0. Conclude that if g is conjugate to p then p is conjugate
togq.

The manifold M is said to have nonpositive curvature if (R(X, V)X, Y) >
0 for all X,Y € X(M). Show that for such a manifold no two points are
conjugate.

Given a geodesic ¢ : I — M parameterized by the arclength such that
c(0) = p, let 7. be the supremum of the set of values of ¢ such that c is the
minimizing curve connecting p to c(¢) (hence t. > 0). The cut locus of p is
defined to be the set of all points of the form c(#.) for . < +00. Determine
the cut locus of a given point p € M when M is:
(1) the torus 7" with the flat square metric;

(ii) the sphere S" with the standard metric;

(iii) the projective space R P" with the standard metric.

Check in these examples that any point in the cut locus is either conjugate to
p orjoined to p by two geodesics with the same length but different images.
(Remark: This is a general property of the cut locus—see [dC93] or [GHL04] for a proof).

3.5 Hopf-Rinow Theorem

Let (M, g) be aRiemannian manifold. The existence of totally normal neighborhoods
implies that it is always possible to connect two sufficiently close points p,qg € M
by a minimizing geodesic. We now address the same question globally.

Example 5.1

ey
@
3

Given two distinct points p, g € R” there exists a unique (up to reparameteri-
zation) geodesic for the Euclidean metric connecting them.

Given two distinct points p, g € S” there exist at least two geodesics for the
standard metric connecting them which are not reparameterizations of each other.
If p # O then there exists no geodesic for the Euclidean metric in R” \ {0}
connecting p to —p.

In many cases (for example in R” \ {0}) there exist geodesics which cannot be

extended for all values of its parameter. In other words, exp ,(v) is not defined for
allve T,M.

Definition 5.2 A Riemannian manifold (M, (-, -)) is said to be geodesically com-
plete if, for every point p € M, the map exp, is defined in 7, M.

There exists another notion of completeness of a connected Riemannian manifold,

coming from the fact that any such manifold is naturally a metric space.
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Definition 5.3 Let (M, (-, -)) be a connected Riemannian manifold and p,q € M.
The distance between p and ¢ is defined as

d(p,q) = 1inf{l(y) | v is a piecewise differentiable curve connecting p to g}.

Notice that if there exists a minimizing geodesic ¢ connecting p to g then
d(p,q) = l(c). The functiond : M x M — [0, +00) is indeed a distance, as
stated in the following proposition.

Proposition 5.4 (M, d) is a metric space, that is, d satisfies:

(i) Positivity: d(p,q) > 0andd(p,q) =0 ifandonly if p = q;
(it) Symmetry: d(p, q) = d(q, p);
(iii) Triangle inequality: d(p,r) < d(p,q) +d(q,r),

for all p,q,r € M. The metric space topology induced on M coincides with the
topology of M as a differentiable manifold.

Proof Exercise5.8(1). O

Therefore we can discuss the completeness of M as a metric space (that is, whether
Cauchy sequences converge). The fact that completeness and geodesic completeness
are equivalent is the content of the following theorem.

Theorem 5.5 (Hopf-Rinow) Let (M, (-, -)) be a connected Riemannian manifold
and p € M. The following assertions are equivalent:

(i) M is geodesically complete;
(ii) (M, d) is a complete metric space;
(iti) exp,, is defined in Tp M.

Moreover, if (M, (-, -)) is geodesically complete then for all ¢ € M there exists a
geodesic ¢ connecting p to q with [(c) = d(p, q).

Proof 1tis clear that (i) = (iii).

We begin by showing that if (ii7) holds then for all ¢ € M there exists a geodesic
c connecting p to g with [(c) =d(p,q).Letd(p,q) = p.If p =0theng = p and
there is nothing to prove. If p > 0,lete € (0, p) be such that S, (p) is a normal sphere
(which is a compact submanifold of M). The continuous function x — d(x, g) will
then have a minimum point xo € S¢(p). Moreover, xg = exp »(€V), where |[v] = 1.
Let us consider the geodesic ¢, () = exp p(tv). We will show that ¢ = ¢, (p). For
that, we consider the set

A={tel0,p]d(c(t),q) =p—1}

Since the map ¢t +— d(cy (1), g) is continuous, A is a closed set. Moreover, A # &,
as clearly 0 € A. We will now show that no point 7y € [0, p) can be the maximum of
A, which implies that the maximum of A must be p (hence d(c,(p), g) = 0, that is,
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Fig. 3.3 Proof of the Hopf-Rinow theorem

cy(p) = ¢q, and so ¢, connects p to g and I(c,) = p). Lettg € AN[O, p), r = cy(to)
and 6 € (0, p — t9) such that Ss(r) is a normal sphere. Let yp be a minimum point
of the continuous function y — d(y, g) on the compact set S5 (r) (Fig 3.3). We will
show that yp = ¢, (tp + 8). In fact, we have

p—to=d(r,g) =586+ min d(y,q) =8+d(Oo, q),
YESs(r)

and so
d(yo,q) = p —1to— 9. (3.8)

The triangle inequality then implies that
d(p.y0) =2 d(p.q) —d(yo.q) = p— (p =10 —8) =10+,

and, since the piecewise differentiable curve which connects p to r through ¢, and
r to yo through a geodesic has length 79 + §, we conclude that this is a minimizing
curve, hence a (reparameterized) geodesic. Thus, as promised, yo = c¢y(to + 9).
Consequently, Eq. (3.8) can be written as

d(cy(to +6),q) = p — (to +9),

implying that #p + § € A, and so 7y cannot be the maximum of A.

We can now prove that (iii) = (ii). To do so, we begin by showing that any
bounded closed subset K C M is compact. Indeed, if K is bounded then K C Br(p)
for some R > 0, where
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Br(p)={q e M |d(p,q) < R}.

As we have seen, p can be connected to any point in Br(p) by a geodesic of length

smaller than R, and so Br(p) C exp, (BR(O)). Since exp, : T)yM — M is

continuous and Bg(0) is compact, the set exp » (B R (O)) is also compact. Therefore

K is a closed subset of a compact set, hence compact. Now, if {p,} is a Cauchy
sequence in M, then its closure is bounded, hence compact. Thus {p,} must have a
convergent subsequence, and therefore must itself converge.

Finally, we show that (ii) = (i). Let ¢ be a geodesic defined for ¢ < #y, which we
can assume without loss of generality to be normalized, that is, ||c(7)|| = 1. Let {#,,}
be an increasing sequence of real numbers converging to #y. Since d(c(,), c(t,)) <
|t,, — t,], we see that {c(t,)} is a Cauchy sequence. As we are assuming M to be
complete, we conclude that c¢(t,) — p € M, and it is easily seen that c(t) — p as
t — ty. Let B¢(p) be a normal ball centered at p. Then ¢ can be extended past #y in
this normal ball. O

Corollary 5.6 If M is compact then M is geodesically complete.
Proof Any compact metric space is complete. (]

Corollary 5.7 If M is a closed connected submanifold of a complete connected
Riemannian manifold with the induced metric then M is complete.

Proof Let M be a closed connected submanifold of a complete connected Rie-
mannian manifold N. Let d be the distance determined by the metric on N, and
let d* be the distance determined by the induced metric on M. Then d < d*, as any
curve on M is also a curve on N. Let {p, } be a Cauchy sequence on (M, d*). Then
{pn} is a Cauchy sequence on (N, d), and consequently converges in N to a point
p € M (as N is complete and M is closed). Since the topology of M is induced by
the topology of N, we conclude that p,, — p on M. ([

Exercise 5.8

(1) Prove Proposition 5.4.

(2) Consider R? \ {(x,0) | =3 < x < 3} with the Euclidean metric. Determine
B7(0, 4).

(3) (a) Prove that a connected Riemannian manifold is complete if and only if the

compact sets are the closed bounded sets.
(b) Give an example of a connected Riemannian manifold containing a non-
compact closed bounded set.

(4) A Riemannian manifold (M, (-, -)) is said to be homogeneous if, given any two
points p, g € M, there exists an isometry f : M — M such that f(p) = q.
Show that:

(a) any homogeneous Riemannian manifold is complete;
(b) if G is a Lie group admitting a bi-invariant metric [cf. Exercise 4.8(3)] then
the exponential map exp : g — G is surjective;
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(c) SL(2,R) does not admit a bi-invariant metric.
(5) Let (M, g) be a complete Riemannian manifold. Show that:

(a) (Ambrose theorem) if (N, h) is a Riemannian manifold and f : M — N is
a local isometry then f is a covering map;

(b) there exist surjective local isometries which are not covering maps;

(c) (Cartan—Hadamard theorem) if (M, g) has nonpositive curvature [cf. Exer-
cise4.8(6)] then for each point p € M the exponential map exp,, : T, M —
M is a covering map. (Remark: In particular, if M is simply connected then M must be diffeo-
morphic to R").

3.6 Notes

3.6.1 Section 3.5

In this section we use several definitions and results about metric spaces, which we
now discuss. A metric space is a pair (M, d), where M isasetandd : M x M —
[0, +00) is a map satisfying the properties enumerated in Proposition 5.4. The set

Be(p)={q e M|d(p,q) <e¢}

is called the open ball with center p and radius €. The family of all such balls is a
basis for a Hausdorff topology on M, called the metric topology. Notice that in this
topology p, — p if and only if d(p,, p) — 0. Although a metric space (M, d) is
not necessarily second countable, it is still true that F C M is closed if and only if
every convergent sequence in F has limit in F, and K C M is compact if and only
if every sequence in K has a sublimit in K.

A sequence {p, } in M is said to be a Cauchy sequence if for all ¢ > 0 there exists
N e Nsuchthatd(py,, pm) < eforallm,n > N.Itis easily seen that all convergent
sequences are Cauchy sequences. The converse, however, is not necessarily true (but
if a Cauchy sequence has a convergent subsequence then it must converge). A metric
space is said to be complete if all its Cauchy sequences converge. A closed subset
of a complete metric space is itself complete.

A set is said to be bounded if it is a subset of some ball. For instance, the set of all
terms of a Cauchy sequence is bounded. It is easily shown that if K C M is compact
then K must be bounded and closed (but the converse is not necessarily true). A
compact metric space is necessarily complete.
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3.6.2 Bibliographical Notes

The material in this chapter can be found in most books on Riemannian geometry
(e.g.[Boo03, dC93, GHLO04]). For more details on general affine connections, see
[KN96]. Bi-invariant metrics on a Lie group are examples of symmetric spaces,
whose beautiful theory is studied for instance in [HelO1].
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Chapter 4
Curvature

The local geometry of a general Riemannian manifold differs from the flat geometry
of the Euclidean space R”: for example, the internal angles of a geodesic triangle in
the 2-sphere S? (with the standard metric) always add up to more than 7. A mea-
sure of this difference is provided by the notion of curvature, introduced by Gauss
in his 1827 paper “General investigations of curved surfaces”, and generalized to
arbitrary Riemannian manifolds by Riemann himself (in 1854). It can appear under
many guises: the rate of deviation of geodesics, the degree of non-commutativity of
covariant derivatives along different vector fields, the difference between the sum of
the internal angles of a geodesic triangle and 7, or the angle by which a vector is
rotated when parallel-transported along a closed curve.

This chapter addresses the various characterizations and properties of curvature.
Section4.1 introduces the curvature operator of a general affine connection, and,
for Riemannian manifolds, the equivalent (more geometric) notion of sectional cur-
vature. The Ricci curvature tensor and the scalar curvature, obtained from the
curvature tensor by contraction, are also defined. These quantities are fundamental
in general relativity to formulate Einstein’s equation (Chap. 6).

Section4.2 establishes the Cartan structure equations, a powerful
computational method which employs differential forms to calculate the curvature.
These equations are used in Sect. 4.3 to prove the Gauss—Bonnet theorem, relating
the curvature of a compact surface to its topology. This theorem provides a simple
example of how the curvature of a complete Riemannian manifold can constrain its
topology.

Complete Riemannian manifolds with constant curvature are discussed in
Sect.4.4. These provide important examples of curved geometries, including the
negatively curved non-Euclidean geometry of Gauss, Bolyai and Lobachevsky.

Finally, the relation between the curvature of a Riemannian manifold and the
curvature of a submanifold (with the induced metric) is studied in Sect.4.5. This
generalizes Gauss’s investigations of curved surfaces, including his celebrated
Theorema Egregium.
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4.1 Curvature

As we saw in Exercise3.3(4) of Chap.3, no open set of the 2-sphere S? with the
standard metric is isometric to an open set of the Euclidean plane. The geometric
object that locally distinguishes these two Riemannian manifolds is the so-called
curvature operator, which appears in many other situations [cf. Exercise4.8(6) in
Chap. 3].

Definition 1.1 The curvature R of a connection V is a correspondence that to each
pair of vector fields X, Y € X(M) associates the map R(X,Y) : X(M) — X(M)
defined by

R(X,Y)Z=VxVyZ—-VyVxZ—Vixy Z.

Hence, R is a way of measuring the non-commutativity of the connection.
We leave it as an exercise to show that this defines a (3, 1)-tensor (called the Riemann
tensor), since

() R(fX14+9X2,Y)Z=fR(X1,Y)Z+gR(X2,Y)Z,
(i) RX, fY1+gY2)Z = fR(X,Y)Z + gR(X,Y2)Z,
(i) R(X,Y)(fZ) +9Z2) = fR(X,Y)Z + gR(X,Y)Zs,
for all vector fields X, X, X, Y, Y\, Y2, Z,Z,Z, € X(M) and all smooth

functions f,g € C*(M) [cf. Exercise 1.12(1)]. Choosing a coordinate system
x 1V — R" on M, this tensor can be locally written as

0

1

Z Rk dx' ® dx’ @ dx* ® ol
ij.k,l=1

where each coefficient R, ik !'is the I-coordinate of the vector field R (7, %)

that is,

_0_
oxk>

0 0 0 Z ; 0
R|—, — ) — = R —.
(axl 8x1) Oxk ; ik gyl
. 0 o | _
Using the fact that [W’ W] = 0, we have

0 0 17} d 0
R ,—.——Vdvd——v{)va—k

Oxi’ OxJ ) Oxk od o Oxk ol o OX

- )l (n; ﬂ‘ax’") o,\/ (zrlkaxm)

S w_ 0 m , ” 9
= (8x"'rjk_@' ) +Z(F;}{ _F”‘Fj"’)W

m=1
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and so

n
I _ _ myl
Rij' =237 ~ 25 ZF le“ikl",m
m=

Example 1.2 Consider M = R" with the Euclidean metric and the corresponding
Levi—Civita connection (that is, with Christoffel symbols Ffj = 0). Then R, : kl =0,
and the curvature R is zero. Thus, we can also interpret the curvature as a measure of
how much a connection on a given manifold differs from the Levi—Civita connection
of the Euclidean space.

When the connection is symmetric (as in the case of the Levi—Civita connection),
the tensor R satisfies the so-called Bianchi identity.

Proposition 1.3 (Bianchi identity) If M is a manifold with a symmetric connection
then the associated curvature satisfies

R(X,Y)Z+ R(Y, Z)X + R(Z, X)Y = 0.

Proof This property is a direct consequence of the Jacobi identity of vector fields.
Indeed,

RX, YVZ+R(Y,Z)X + R(Z,X)Y
=VxVyZ-VyVxZ —-Vixy1Z+VyVzX-=VzVy X —Vyz1 X
+VzVxY —-VxVzY —-VizxY
=Vx(VWwZ—-VzY)+Vy(VzX —-Vx2Z2)+Vz(VxY —Vy X)
—Vixn1Z—-Viy,71X = Vizx1Y

and so, since the connection is symmetric, we have

R(X,Y)Z+R(Y,Z)X + R(Z, X)Y
=Vx[Y,ZI+Vy [Z, X]+ Vz[X, Y] - Vy,z21 X —Vizx1Y = Vix 11 Z
=[X,[Y,ZI1 +[Y,[Z, X1 + [Z,[X, Y]] = 0. O

We will assume from this point on that (M, g) is a Riemannian manifold and V
its Levi—Civita connection. We can define a new covariant 4-tensor, known as the
curvature tensor:

R(X,Y,Z,W):=g(R(X,Y)Z, W).
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Notice that because the metric is nondegenerate the curvature tensor contains the
same information as the Riemann tensor. Again, choosing a coordinate system
x :V — R" on M, we can write this tensor as

n
RX.Y.ZW)= D Rijud:'®@dx @dx*®@dx' | (X.Y.Z, W)
ijk =1

where

1o} ad o 0 n 9 P n
Rij =9 (R (@ @) oxk’ @) = 9(2:1 Rijkmm7 8xl) = Z R gmi-
m=

This tensor satisfies the following symmetry properties.

Proposition 1.4 If X, Y, Z, W are vector fields in M and V is the Levi—Civita con-
nection, then

(i) RIX,Y,Z,W)+R(Y,Z,X, W)+ R(Z,X,Y,W) =0;
(i) R(X,Y,Z,W)=—R(Y,X,Z, W);
(iii) R(X,Y,Z, W) =—R(X,Y, W, Z);
(iv) R(X,Y,Z,W)=R(Z,W,X,Y).

Proof Property (i) is an immediate consequence of the Bianchi identity, and property
(i) holds trivially.

Property (iii) is equivalent to showing that R(X, Y, Z, Z) = 0. Indeed, if (iii)
holds then clearly R(X, Y, Z, Z) = 0. Conversely, if this is true, we have

RX, Y, Z+W,Z+W)=0& RX,Y,Z, W)+ R(X,Y,W,Z)=0.

Now, using the fact that the Levi—Civita connection is compatible with the metric,
we have

X - (VyZ,Z)=(VxVy Z,Z)+ (Vy Z,Vx Z)
and

[(X.Y]-(Z,Z)=2(Vix.1 Z. Z).
Hence,

R(X,Y,Z,Z)=(VxVyZ,2)—(VyVx Z,Z) — (Vix,v|1 Z, Z)
=X (VWZ,Z)—(Vy Z,Vx Z) —Y - (Vx Z, Z)

1
+HVx Z,Vy Z) — E[X’ Y1-(Z,2)
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1 1 1
= §X~(Y~(Z, Z))—EY~(X~(Z, Z>)_§[X’ Y1-(Z,Z)

1 1
= E[X’ Y]-(Z,Z)—E[X,Y]~(Z,Z)=O.

To show (iv), we use (i) to get

R(X,Y,Z,W) + R(Y,Z,X,W) + R(Z,X,Y,W) =0
R(Y,Z,W,X) + R(Z,W,Y,X) + ROW,Y,Z,X) =0
R(Z,W,X,Y)+ RW,X,Z,Y)+ R(X,Z,W,Y) =0
RW,X,Y,Z) + RIX,Y,W,Z) + R(Y, W,X,Z) =0

and so, adding these and using (ii7), we have
R(Z, X, Y, W)+ RW,Y,Z,X)+R(X,Z, W, Y)+ R(Y,W, X, Z)=0.
Using (ii) and (iii), we obtain

2R(Z,X,Y, W) —2R(Y, W, Z, X) = 0. =

An equivalent way of encoding the information about the curvature of a
Riemannian manifold is by considering the following definition.

Definition 1.5 Let IT be a 2-dimensional subspace of T, M and let X, Y, be two
linearly independent elements of I1. Then, the sectional curvature of IT is defined as

R(X,,Yp. Xp. Y)p)
IXpI20Y 1% = (Xp, Y))?

K(II) := —

Note that [ X, ||2||Yp 12 — (Xp, Yp)2 is the square of the area of the
parallelogram in 7, M spanned by X, ¥, and so the above definition of sectional
curvature does not depend on the choice of the linearly independent vectors X p,, Y.
Indeed, when we change the basis on I'T, both R(X ,, Yp,, X, Yp) and || X, 121 Y, -
(Xp, Yp)2 change by the square of the determinant of the change of basis matrix
[cf. Exercise 1.12(4)]. We will now see that knowing the sectional curvature of every
section of T, M completely determines the curvature tensor on this space.

Proposition 1.6 The Riemannian curvature tensor at p is uniquely determined by
the values of the sectional curvatures of sections (that is, 2-dimensional subspaces)
of T,M.

Proof Let us consider two covariant 4-tensors Ri, Ry on T,M satisfying the
symmetry properties of Proposition 1.4. Then the tensor T := R| — R, also satisfies
these symmetry properties. We will see that, if the values Ry (X, Yp, X, Y,) and
Ry(Xp,Yp, Xp, Yp)agreeforevery X, Y, € T, M (thatis,if T(X , Yp, X, Y,) =0
for every X, Y, € T,M), then Ry = R; (thatis, T = 0). Indeed, for all vectors
Xp,Yp, Z, € TyM, we have
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0=TXp+Zp.Yp. Xp+2Zp.Yp)=T(Xp.Yp, Zp,Yp) +T(Zp, Yp, X, ¥p)
= 2T(X,. Yy Zp. Y,),

and so

0=TXp, Y, + Wy, Zp, Y, +Wp)=T(Xp, Yy, Zp, Wp) + T(Xp, Wp, Zp, Y)p)
= T(Zp, va Xpa Yp) - T(Wpa Xp, Zp» Yp)a

thatis, T(Z,, Wy, X, Yp) = T(Wp, X, Zp, Yp). Hence T is invariant by cyclic
permutations of the first three elements and so, by the Bianchi identity, we have
371(X,,Y,, Z,, W,) =0. ]

A Riemannian manifold is called isotropic at a point p € M if its sectional
curvature is a constant K, for every section I1 C T, M. Moreover, it is called
isotropic if it is isotropic at all points. Note that every 2-dimensional manifold is
trivially isotropic. Its sectional curvature K (p) := K, is called the Gauss curvature.

Remark 1.7 As we will see later, the Gauss curvature measures how much the
local geometry of the surface differs from the geometry of the Euclidean plane. For
instance, its integral over a disk D on the surface gives the angle by which a vector
is rotated when parallel-transported around the boundary of D [cf. Exercise 2.8(7)].
Alternatively, its integral over the interior of a geodesic triangle A is equal to the
difference between the sum of the inner angles of A and 7 [cf. Exercise 3.6(6)]. We
will also see that the sectional curvature of an n-dimensional Riemannian manifold
is actually the Gauss curvature of special 2-dimensional submanifolds, formed by
the geodesics tangent to the sections [cf. Exercise 5.7(5)].

Proposition 1.8 If M is isotropic at p and x : V — R" is a coordinate system
around p, then the coefficients of the Riemannian curvature tensor at p are given by

Rijki(p) = —Kp(gik g1 — Gil 9jk)-

Proof We first define a covariant 4-tensor A on T, M as

n
A= Z —K,(gik gji — gi1 gjx) dx' ® dx! @ dx* @ dx'.
ijk,l=1

We leave it as an exercise to check that A satisfies the symmetry properties of
Proposition 1.4. Moreover,

n
AXp, Yp, Xp, Yp) = D —Kp(gix gji — gir gji) X}, Yy X5 ¥
i,j.k,l=1

Ky ((Xp Xp) Y. Yp) = (X, ¥,)?)
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= R(Xp, Yp, XP, Yp),

and so we conclude from Proposition 1.6 that A = R. g

Definition 1.9 A Riemannian manifold is called a manifold of constant curvature
if it is isotropic and K, is the same at all points of M.

Example 1.10 The Euclidean space is a manifold of constant curvature K, = 0. We
will see the complete classification of (complete, connected) manifolds of constant
curvature in Sect.4.4.

Another geometric object, very important in general relativity, is the so-called
Ricci tensor.

Definition 1.11 The Ricci curvature tensor is the covariant 2-tensor locally defined
as

. - d
Ric(X,Y) := ;dxk (R (W’ X) Y) )

The above definition is independent of the choice of coordinates. Indeed, we
can see Ric,(Xp,Y)p) as the trace of the linear map from T, M to T, M given by
Zy, = R(Z,, Xp)Yp, hence independent of the choice of basis. Moreover, this
tensor is symmetric. In fact, choosing an orthonormal basis {E1, ..., E,} of T,M
we have

n

n
Ricy(Xp. Yp) = D (R(Ek. X)Yp. Ex) = D R(Ex. X, Y. Ep)
k=1 k=1

n
=> R(Yp. Ex. Er, X ZR(Ek, X p. Ex)

= Ricp(Yp, Xp).
Locally, we can write

n
Ric = Z Rijdxi ®dxj
i,j=1

where the coefficients R;; are given by
Rij :==Ri dx* 0 2\_3p
i = e 8x1 Z xk oxt ) oxi _; kij -

that is, R;ij = ZZ=1 Rkijk'
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Incidentally, note that we obtained a (2, 0)-tensor from a (3, 1)-tensor. This is an
example of a general procedure called contraction, where we obtaina (k—1, m —1)-
tensor from a (k, m)-tensor. To do so, we choose two indices on the components of
the (k, m)-tensor, one covariant and other contravariant, set them equal and then sum
over them, thus obtaining the components of a (k — 1, m — 1)-tensor. On the example
of the Ricci tensor, we took the (3, 1)-tensor R defined by the curvature,

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

chose the first covariant index and the first contravariant index, set them equal and
summed over them:

n
—( 0
Ric(X.Y)= > R (W’ X,Y, dxk) )
k=1 X

Similarly, we can use contraction to obtain a function (0-tensor) from the Ricci
tensor (a covariant 2-tensor). For that, we first need to define anew (1, 1)-tensor field
T using the metric,

T(X,w):= Ric(X,Y),

where Y is such that w(Z) = (Y, Z) for every vector field Z. Then, we set the
covariant index equal to the contravariant one and add, obtaining a function S : M —

R called the scalar curvature. Locally, choosing a coordinate system x : V — R”,
we have

S(”)_ZT(N’ ) ZR’C(N’ ).

where, for every vector field Z on V,
k—axkz)y = (Z, 7)) = z 9 Z'Y].
i,j=1

Therefore, we must have Y /= gjk (where (gij ) = (gij)_l) and hence Y; =
> g’k 3 . We conclude that the scalar curvature is locally given by

S(p) = ZRlc(aak’ Z] lk@i’) Z Rk,g Z gikRik.

k=1 i,k=1 i,k=1

(since Ric is symmetric).
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Exercise 1.12

ey

2)

3)

“)

®)
(6)
)
®)

(a) Show that the curvature operator satisfies
(i) R(fX1+9X2,Y)Z = fR(X1,Y)Z + gR(X2,Y)Z;
(i) R(X, fY1+gY2)Z = fR(X,Y1)Z+ gR(X,Y2)Z;
(i) R(X,Y)(fZ1+9Z2) = fRX,Y)Z| + gR(X,Y)Z2,
for all vector fields X, X, X2, Y, Y1, Y2, Z,Z,Z, € X(M) and smooth
functions f, g € C®°(M).
(b) Show that (R(X,Y)Z), € T,M depends only on X,,Y,, Z,. Conclude
that R defines a (3, 1)-tensor. (Hint: Choose local coordinates around p € M).
Let (M, g) be an n-dimensional Riemannian manifold and p € M. Show that if
(x!,..., x") are normal coordinates centered at p [cf. Exercise 4.8(2) in Chap. 3]
then

(P Pa P | P
R _1 . il ‘ i _ : J - ! .
./kl(P) 2 (axlaxk OxJ Oxk OxiOx! + 8x18xl) (p)

Recall that if G is a Lie group endowed with a bi-invariant Riemannian metric,
V is the Levi—Civita connection and X, Y are two left-invariant vector fields
then

1
VxY = -[X,Y]
2
[cf. Exercise4.8(3) in Chap. 3]. Show that if Z is also left-invariant, then
1

Show that ||Xp||2||Yp||2 — (Xp, Yp)2 gives us the square of the area of the
parallelogramin 7, M spanned by X, Y),. Conclude that the sectional curvature
does not depend on the choice of the linearly independent vectors X ,, ¥, that
is, when we change the basis on I, both R(X,, ¥;,, X, ¥)) and ||X,,||2||Y,,||2—
(Xp, Y, p)2 change by the square of the determinant of the change of basis matrix.
Show that Ric is the only independent contraction of the curvature tensor:
choosing any other two indices and contracting, one either gets = Ric or 0.
Let M be a 3-dimensional Riemannian manifold. Show that the curvature tensor
is entirely determined by the Ricci tensor.

Let (M, g) be an n-dimensional isotropic Riemannian manifold with sectional
curvature K. Show that Ric = (n — 1)Kgand S =n(n — 1)K.

Let g1, g» be two Riemannian metrics on a manifold M such that g; = pg», for
some constant p > 0. Show that:

(a) thecorresponding sectional curvatures K| and K> satisfy K (I1) = pfl K> (1)
for any 2-dimensional section of a tangent space of M
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(b) the corresponding Ricci curvature tensors satisfy Ricy = Ricy;
(c) the corresponding scalar curvatures satisfy S| = p~!5,.

(9) If V is not the Levi—Civita connection can we still define the Ricci curvature
tensor Ric? Is it necessarily symmetric?

4.2 Cartan Structure Equations

In this section we will reformulate the properties of the Levi—Civita connection and
of the Riemannian curvature tensor in terms of differential forms. For that we will
take an open subset V of M where we have defined a field of frames { X1, ..., X},
that is, a set of n vector fields that, at each point p of V, form a basis for 7), M (for
example, we can take a coordinate neighborhood V and the vector fields X; = d—‘;,
however, in general, the X; are not associated to a coordinate system). Then we
consider a field of dual coframes, that is, 1-forms {w], ...,w"} on V such that
wi(Xj) = 0;;. Note that, at each point p € V, {w},, o w;} is a basis for T;‘M.
From the properties of a connection, in order to define Vy Y we just have to establish
the values of

n
k
Vx, Xj =D ThX,
k=1

where szj is defined as the kth component of the vector field Vy, X; on the basis

{X;}?_,. Note that if the X; are not associated to a coordinate system then the Fl’.‘j
cannot be computed using formula (9), and, in general, they are not even symmetric
in the indices i, j [cf. Exercise2.8(1)]. Given the values of the Fl’.‘j on V, we can

define 1-forms w'j‘. (j,k=1,...,n)in the following way:
n
wh=>"Thw. 4.1)
i=1

Conversely, given these forms, we can obtain the values of Fl{‘j through

Iy = wh(Xp).

The connection is then completely determined from these forms: given two vector
fields X =2 ;a'X;and Y = >/, b' X;, we have

n n
i i Tk
Vx Xj=Vsu uix, Xj=> d'Vx, Xj= > a' T} X (4.2)
i=1 i,k=1

= > d KX X =D Wh(X) Xy

i,k=1 k=1
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and hence

VxY = Vx (Zn:b"xi) = Z (- 0X; +b'VxX;) (4.3)

i=l1 i=1
n . n . .
= Z(X b+ Zb’w{(X)) X;.
j=1 i=1

Note that the values of the forms wlj‘. at X are the components of Vy X ; relative to
the field of frames, that is,

Wh(X) =w' (VxX;). 44

The w’l‘. are called the connection forms. For the Levi—Civita connection, these forms
cannot be arbitrary. Indeed, they have to satisfy certain equations corresponding to
the properties of symmetry and compatibility with the metric.

Theorem 2.1 (Cartan) Let V be an open subset of a Riemannian manifold M on
which we have defined a field of frames {X1, . .., Xn}. Let {wl, ..., w"} be the corre-
sponding field of coframes. Then the connection forms of the Levi—Civita connection
are the unique solution of the equations

(i) do' =31 wl Awi,

(ii) dgij = 2j_ (g @ + gui Wh),

where g;j = (X;, X;).

Proof We begin by showing that the Levi—Civita connection forms, defined by

(4.1), satisfy (i) and (ii). For this, we will use the following property of 1-forms
[cf. Exercise 3.8(2) of Chap.2]:

dw(X,Y)=X - w@)) —-Y - - (wX)) —w(X,Y].

We have

n n
Vy X =Vy [ D>/ (X0X; =Z(Y~w~/(X)Xj—i—wj(X)Vij),
j=1 j=1

which implies

G(VyX) =Y - (X) + ij (X)w' (Vy X ). (4.5)
j=1
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Using (4.4) and (4.5), we have

Swiawh | ) =3 (W0 W m) - w ()
j=1

j=1
= > (W 0w (Vy X)) - T (V) (Vx X))

j=1
=W (VyX) =Y - (W (X)) - (Vx ¥) + X - (W' (V)),

and so

n
i J i
do' — > wl AWl | (X, )
j=1

=X @I -Y @ X) - (X, YD) = [ Do/ Awh ) (X,7)
j=1
=w (VxY —Vy X —[X,Y]) =0.

Note that equation (7) is equivalent to symmetry of the connection. To show that (i7)
holds, we notice that
dgij(Y) =Y - (X;, X;),

and that, on the other hand,

n n
(Z 9k WF + gei wf-) (Y) =D gij wi (¥) + gri Wh(Y)

k=1 k=1

n n
— <Zw,’F(Y) X, X.,-> + <Z W) Xi, Xi>
k=1 k=1
= (Vv X;, X;) + (Vv X, Xi).
Hence, equation (i) is equivalent to
Y - (X;, X;) =(Vy X;, X;) + (X;, Vy X ),

for every i,j, that is, it is equivalent to compatibility with the metric
[cf. Exercise2.8(2)]. We conclude that the Levi—Civita connection forms satisfy
(i) and (ii). _

To prove unicity, we take 1-forms wi] @i,j = 1,...,n) satisfying (i) and (ii).
Using (4.2) and (4.3), we can define a connection, which is necessarily symmetric and
compatible with the metric. By uniqueness of the Levi—Civita connection, we have
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uniqueness of the set of forms w;’ satisfying (i) and (i7) (note that each connection
determines a unique set of n”> connection forms and vice versa). (]

Remark 2.2 Given a field of frames on some open set, we can perform
Gram-Schmidt orthogonalization to obtain a smooth field of orthonormal frames
{E1,..., E,}. Then, as g;; = (E;, Ej) = 0;j, equations (i) and (ii) above become

: i _~Nn j i
@) du.J = Zj:l w/ AW,
(i) w! + W = 0.
In addition to connection forms, we can also define curvature forms. Again we
consider an open subset V of M where we have a field of frames { X1, ..., X, } (hence

a corresponding field of dual coframes {w', ..., w"}). We then define 2-forms Qi
(k,I=1,...,n) by

QX Y) =W (R(X, Y)Xp),

for all vector fields X, Y in V (i.e. R(X,Y)Xx = >, Qi(X, Y)X;). Using the
basis {w' A w/};; for 2-forms, we have

Q=D QX X)W Aw =D W (R, X)X w' Aw!

i<j i<j
1 n
= R, W Awl == R, W Aw!
= ijk ) ijk )
i<j i,j=1

where the R; ; kl are the coefficients of the curvature relative to these frames:
n
I
R(X;, X)Xy = ZRU,{ X;.
=1

The curvature forms satisfy the following equation.
Proposition 2.3 In the above notation,
(iii) Qlj = dwl-j — > wk /\w,{,forevery ihj=1,...,n
Proof We will show that
n n n
RX.V)X;=> QX.NX;=> ((dw;." =D Wk A w,{) (X, Y)) X;.
j=1 j=1 k=1

Indeed,

R(X,Y)X; =VxVyX; —Vy Vx X; — Vix v Xi
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= Vx (Z wf‘(Y)Xk) ~Vy (Z wf()ﬂxk) — D WX, YDX;
1

k=1 k=1

(X @rn) =¥ - @) = wF X, YD) Xet

».

n
wa(y)vx Xy — Zw{f(xwy Xk

k=1

= Z WK (X, V) Xy + Z (w (Y)Wl (X) Xj —wk(X) (V) X,)

k=1 k,j=1

- Z(dwij(X, Y) —Z(w{f Aw(X, Y))Xj. 0
j=1

k=1

Equations (i), (ii) and (iii) are known as the Cartan structure equations. We list
these equations below, as well as the main definitions.

() do' =3 Wl Awh,
(i) dgij = D41 (grj wf + gui &),
(i) dw! = Q/ + 7wk AW,
where W' (X ;) = 0;, '} = 3 Tf;w' and Q =3, Ry Al

Remark 2.4 1f we consider a field of orthonormal frames {E, ..., E,}, the above
equations become:

(1) dgi = Z?lej /\w;,
(i) w! + W =0,
(i) dw/ = Q] + > wf Aw] (andso Q] + Q) =0).
Example 2.5 For a field of orthonormal frames in R” with the Euclidean metric,

the curvature forms must vanish (as R = 0), and we obtain the following structure
equations:

) . " . .
@) dag‘ = ijl w! A w},

(ii) wl.j + w} =0,

(iii) dw] =33 Wk Awy.

To finish this section, we will consider in detail the special case of a 2-dimensional

Riemannian manifold. In this case, the structure equations for a field of orthonormal

frames are particularly simple: equation (ii) implies that there is only one indepen-

dent connection form (w% = w% =0and wé = —w%), which can be computed from
equation (i):
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2 p

dw?® = w' AW,

dw' = —w

Equation (iii) then yields that there is only one independent curvature form
Q% = dw%. This form is closely related to the Gauss curvature of the manifold.

Proposition 2.6 If M is a 2-dimensional manifold, then for an orthonormal frame
we have Q% = —Kw' Aw?, where the function K is the Gauss curvature of M (that
is, its sectional curvature).

Proof Let p be a point in M and let us choose an open set containing p where we
have defined a field of orthonormal frames {E{, E;}. Then

K = —R(E1, Ez, Ey, E2) = —Ri212,
and consequently

Q} = QHEL E)w' Aw? = WH(R(E, E2)EDw! Aw?
= (R(E1, E)E1, E2)w' Aw? = Rppw! Aw? = —Kw' Aw?

Note that K does not depend on the choice of the field of frames, since it is a
sectional curvature (cf. Definition 1.5), and, since w! A w? is a Riemannian volume
form, neither does the curvature form (up to a sign). However, the connection forms
do. Let {Ey, E3}, {F1, F>} be two fields of orthonormal frames on an open subset V
of M. Then

(F1 Fz) = (E1 Ez) S

where S : V — O(2) has values in the orthogonal group of 2 x 2 matrices. Note
that S has one of the following two forms

a —b a b
S_(b a )Ors_(b—a)’
where a,b : V — R are such that a2 + b?> = 1. The determinant of S is then

41 depending on whether the two frames have the same orientation. We have the
following proposition.

Proposition 2.7 If{E1, E2} and {F1, F,} have the same orientation then, denoting
by w% and E% the corresponding connection forms, we have U% — w% = o, where

o:=adb—bda.

Proof Denoting by {w', w?} and {@!, @?} the fields of dual coframes corresponding
to {E1, E3} and {F1, F;,}, we define the column vectors of 1-forms
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and the matrices of 1-forms

(0 (0=

The relation between the frames can be written as
=Swew=Ssw
(cf. Sect.2.7.1 in Chap. 2), and the Cartan structure equations as
do=—-AAw and do=—-AADG.
Therefore
do=Sdw+dSAW=—-SAAW+dS AS w
=-SAASTw+dS A sTw= - (AT —ds57) Aw,
and unicity of solutions of the Cartan structure equations implies
A=SAs™' —ass!.
Writing this out in full one obtains
0 —w?\ (0 —w? ada+bdbbda —adb
(wf 0 ) - (w% 0 ) B (adb—bda ada+bdb) ’
and the result follows (we also obtain ada + bdb = 0, which is clear from
detS =a®+b>=1). O

Let us now give a geometric interpretation of o := adb — bda. Locally, we can
define at each point p € M the angle 6(p) between (E1), and (F1),. Then the
change of basis matrix S has the form

a—b\ (cosf —sin0
b a)  \sinf cosf )’

o =adb—bda = cosfd (sinf) —sinfd (cos )
= cos® 0df + sin® 0 d6 = db.

Hence,
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Therefore, integrating o along a curve yields the angle by which Fj rotates with
respect to E; along the curve.
In particular, notice that o is closed. This is also clear from

do=d@? —dw? = —KT' "D+ Kw' AW =0
@' A @? = w!' A w? since the two fields of frames have the same orientation).

We can use the connection form w12 to define the geodesic curvature of a curve
on an oriented Riemannian 2-manifold M. Let ¢ : I — M be a smooth curve in
M parameterized by its arclength s (hence ||c(s)|| = 1). Let V be a neighborhood
of a point c(s) in this curve where we have a field of orthonormal frames {E;, E3}
satisfying (E1)¢(s) = ¢(s). Note that it is always possible to consider such a field of
frames: we start by extending the vector field ¢(s) to a unit vector field £ defined
on a neighborhood of c(s), and then consider a unit vector field £, orthogonal to the
first, such that {E|, E»} is positively oriented. Since

Vi E1 = w[(ENE) + wi(EN)Ey = W (ED)Ea,
the covariant acceleration of c is
Vi(s)é(s) = Vi) E1(5) = wi (E1() Ea(s).
We define the geodesic curvature of the curve c to be
ky(s) 1= wi(E1())

(thus [ky(s)| = | Vec(s)ID. It is a measure of how much the curve fails to be a
geodesic at c¢(s). In particular, ¢ is a geodesic if and only if its geodesic curvature
vanishes.

Exercise 2.8

(1) Let{Xy,..., X,}beafield of frames on an open set V of a Riemannian manifold
(M, (-, -)) with Levi—Civita connection V. The associated structure functions
C lk] are defined by

n
[Xi, X;1= > ChX¢.
k=1

Show that:
(a) C}k =T — F,ij;
() T =330, g" (X - gu + Xi - gji — X1 gjx)
+3Cj — LD Y (gjmcl’:ll + gkmc.’/?});
© du' +1 > cj.kw/ A wk =0, where {w!, ..., w"} is the field of dual
coframes.
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(2) Let{Xy,..., X,}beafield of frames on an open set V of a Riemannian manifold
(M, (-, -)). Show that a connection V on M is compatible with the metric on V

if and only if

X - (X, Xj) = (Vx, Xi, Xj) + (X, Vx, X)

foralli, j, k.
(3) Compute the Gauss curvature of:

(a) the sphere $2 with the standard metric;
(b) the hyperbolic plane, i.e. the upper half-plane

H={(x,y)eR*|y >0}
with the metric

1
g=?(dx®dx+dy®dy)

[cf. Exercise 3.3(5) of Chap. 3].

(4) Determine all surfaces of revolution with constant Gauss curvature.
(5) Let M be the image of the parameterization ¢ : (0, +00) x R — R? given by

p(u,v) = (ucosv, usinv, v),
and let N be the image of the parameterization ¢ : (0, +00) x R — R3 given by
Y(u, v) = (ucosv, usinv, logu).

Consider in both M and N the Riemannian metric induced by the Euclidean
metric of R3. Show that the map f : M — N defined by

S o, v) =¥u,v)

preserves the Gauss curvature but is not a local isometry.
(6) Consider the metric

g=A*(r)dr @dr +r’d0 @ df + r’sin’ 0dy @ dp

on M = I x S?, where r is a local coordinate on I C R and (0, ) are spherical

local coordinates on S2.

(a) Compute the Ricci tensor and the scalar curvature of this metric.

(b) What happens when A(r) = (1 —r2)’% (thatis, when M is locally isometric
to §3)?
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(c) And when A(r) = (1 + rz)_% (that is, when M is locally isometric to the
hyperbolic 3-space)?
(d) For which functions A(r) is the scalar curvature constant?

(7) Let M be an oriented Riemannian 2-manifold and let p be a pointin M. Let D
be a neighborhood of p in M homeomorphic to a disc, with a smooth boundary
OD. Consider a point ¢ € 0D and a unit vector X, € T,M. Let X be the
parallel transport of X, along 0D in the positive direction. When X returns
to ¢ it makes an angle Af with the initial vector X,. Using fields of positively
oriented orthonormal frames { £, E2} and { Fi, F>} suchthat F| = X, show that

AO = / K.
D
Conclude that the Gauss curvature of M at p satisfies

K(p) = lim =
= 11mm .
P = Nol(D)

(8) Compute the geodesic curvature of a positively oriented circle on:

(a) R? with the Euclidean metric and the usual orientation;
(b) S2 with the usual metric and orientation.

(9) Let ¢ be a smooth curve on an oriented 2-manifold M as in the definition of
geodesic curvature. Let X be a vector field parallel along ¢ and let 6 be the angle
between X and ¢(s) along c¢ in the given orientation. Show that the geodesic
curvature of C, kg, is equal to % (Hint: Consider two fields of orthonormal frames {E{, E,} and
{F1, F»} positively oriented such that E| = ﬁ and F| = c').

4.3 Gauss-Bonnet Theorem

We will now use the Cartan structure equations to prove the Gauss—Bonnet theorem,
relating the curvature of a compact surface to its topology. Let M be a compact,
oriented, 2-dimensional manifold and X a vector field on M.

Definition 3.1 A point p € M is said to be a singular point of X if X, = 0. A
singular point is said to be an isolated singularity if there exists a neighborhood
V C M of p such that p is the only singular point of X in V.

Since M is compact, if all the singularities of X are isolated then they are in finite
number (as otherwise they would accumulate on a non-isolated singularity).

To each isolated singularity p € V of X € X(M) one can associate an integer
number, called the index of X at p, as follows:

(i) fix a Riemannian metric in M
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(i1) choose a positively oriented orthonormal frame {F7, F>}, defined on V\{p},

such that
X

Fi=—r1iy,
11X

let {@', @7} be the dual coframe and let w% be the corresponding connection
form;

(iii) possibly shrinking V, choose a positively oriented orthonormal frame {E1, E3},
defined on V, with dual coframe {wl, wz} and connection form wlz;

(iv) take a neighborhood D of p in V, homeomorphic to a disc, with a smooth
boundary 0D, endowed with the induced orientation, and define the index 7,

of X at p as
27T1p=/ o,
oD

where o 1= w% - w12 is the form in Proposition 2.7.

Recall that o satisfies 0 = df, where 6 is the angle between E| and F). Therefore
I, must be an integer. Intuitively, the index of a vector field X measures the number
of times that X rotates as one goes around the singularity anticlockwise, counted
positively if X itself rotates anticlockwise, and negatively otherwise.

Example 3.2 ITn M = R? the following vector fields have isolated singularities at
the origin with the indicated indices (cf. Fig.4.1):

(1) X(x,y) = (x, y) has index 1;

(2) Y(x,y) = (=Y, x) has index 1;
(3) Z(x,y) = (¥, x) has index —1;
4) Wy = (x, —y) has index —1.

We will now check that the index is well defined. We begin by observing that,
since o is closed, I, does not depend on the choice of D. Indeed, the boundaries
of any two such discs are necessarily homotopic [cf. Exercise5.3(2) in Chap.2].
Next we prove that I, does not depend on the choice of the frame {£1, E2}. More
precisely, we will show that

I, = lim — w1,
r—0 21 Sy (p)

where S, (p) is the normal sphere of radius r centered at p. Indeed, if r; > r» > 0
are radii of normal spheres, one has

/ w%—/ w%:/ dw%:—/ leszz—/ K, (4.6)
Sr (p) Sry (P) App A Ajp
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(1)

A= i) A=y
llEl = o / \T
(3) (4)
B=z

Fig. 4.1 Computing the indices of the vector fields X, Y, Z and W

where A2 = B, (p) \ B, (p). Since K is continuous, we see that

/ ot - / o) —0
N0) S, ()

asry — 0. Therefore, if {r, } is a decreasing sequence of positive numbers converging
to zero, the sequence

fo
Sra (D)

is a Cauchy sequence, and therefore converges. Let

1, :=lim —
P rE;r(I)Zﬂ'

1
/ w1
Sr(p)

143
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Taking the limit as 7, — 0 in (4.6) one obtains

/ w%-zﬁ,,:-/ K:—/ Kw' Aw? :/ dw? :/ w3,
Srl (p) Brl (p) Brl (p) Brl (p) Srl (p)

and hence
27r1p=/ o’:/ w%—w%=2ﬂ'7p.
Srl (P) Srl (P)

Finally, we show that I, does not depend on the choice of Riemannian metric.
Indeed, if (-, -)o, (-, -)1 are two Riemannian metrics on M, it is easy to check that

(== Do+ (- h

is also a Riemannian metric on M, and that the index 1, (t) computed using the metric
(-, -); is a continuous function of ¢ [cf. Exercise 3.6(1)]. Since /,(¢) is an integer for
all 7 € [0, 1], we conclude that 1,(0) = I,(1).

Therefore 1, depends only on the vector field X € X(M). We are now ready to
state the Gauss—Bonnet theorem:

Theorem 3.3 (Gauss—Bonnet) Let M be a compact, oriented, 2-dimensional man-
ifold and let X be a vector field in M with isolated singularities p1, ..., px. Then

k
K=2 I, 4.7
/ IV @)

for any Riemannian metric on M, where K is the Gauss curvature.
Proof We consider the positively oriented orthonormal frame {Fi, F>}, with

X

1= —

X1

defined on M \Uf.‘: 1 {pi}, with dual coframe {@', @2} and connection form E% For
r > 0 sufficiently small, we take B; := B, (p;) such that BiN B_, = gfori # jand

note that
/ K:/ leszz—/ dw?
M\U_, B; M\U¥_B; M\U_,B;

= / =y / @,
Uif:]aB,‘ = OB;
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where the 9 B; have the orientation induced by the orientation of B;. Taking the limit
as r — 0 one obtains

k
/MK=27TZI,,,.. O

i=1
Remark 3.4

(1) Since the right-hand side of (4.7) does not depend on the metric, we conclude
that |, 1y K is the same for all Riemannian metrics on M.

(2) Since the left-hand side of (4.7) does not depend on the vector field X, we
conclude that y(M) := Zf: 1 Ip; is the same for all vector fields on M with
isolated singularities. This is the so-called Euler characteristic of M.

(3) Recall that a triangulation of M is a decomposition of M in a finite number of
triangles (i.e. images of Euclidean triangles by parameterizations) such that the
intersection of any two triangles is either a common edge, a common vertex or
empty (it is possible to prove that such a triangulation always exists). Given a
triangulation, one can construct a vector field X with the following properties
(cf. Fig.4.2):

(a) each vertex is a singularity which is a sink, that is,

Fig. 4.2 Vector field associated to a triangulation
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(b) the interior of each 2-dimensional face contains exactly one singularity
which is a source, that is

X—x£+ i
- T ox yay

for certain local coordinates (x, y) centered at the singularity;
(c) eachedgeisformed by integral curves of the vector field and contains exactly
one singularity which is not a vertex.

It is easy to see that all singularities are isolated, that the singularities at the
vertices and 2-dimensional faces have index 1 and that the singularities at the
edges have index —1. Therefore,

x(M)=V —E+F,

where V is the number of vertices, E is the number of edges and F is the number
of 2-dimensional faces on any triangulation. This is the definition we used in
Exercise 1.8(5) of Chap. 1.

Example 3.5

(1) Choosing the standard metric in S 2 we have

(5?) 1 / = 1(5%) =2
= — = —Vo = 2.
X 21w Js2 2w

From this we can derive a number of conclusions:

(a) there is no zero curvature metric on S2, for this would imply x(S?) = 0;

(b) there is no vector field on S? without singularities, as this would also imply
X(8%) =0;

(c) for any triangulation of S, one has V — E 4+ F = 2. In particular, this
proves Euler’s formula for convex polyhedra with triangular 2-dimensional
faces, as these clearly yield triangulations of $.

(2) As we will see in Sect. 4.4, the torus T2 has a zero curvature metric, and hence
X(TZ) = 0. This can also be seen from the fact that there exist vector fields on
T2 without singularities.

Exercise 3.6
(1) Show that if (-, -)g, (-, -)1 are two Riemannian metrics on M then
(" ')l = (1 - t)(v >0 + t(’ ')1

is also a Riemannian metric on M, and that the index [, (¢) computed using the
metric (-, -); is a continuous function of 7.
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(Gauss—Bonnet theorem for non-orientable manifolds) Let (M, g) be a compact,
non-orientable, 2-dimensional Riemannian manifold and let 7 : M — M be its
orientable double covering [cf. Exercise 8.6(9) in Chap. 1]. Show that:

@ x(M)=2x(M);
(b) K = 7K, where K is the Gauss curvature of the Riemannian metric g :=
m*gon M;
(©) 2mx(M) =3 /7?.
M

(Remark: Even though M is not orientable, we can still define the integral of a function f on M through

f= % /7 7* f; with this definition, the Gauss-Bonnet theorem holds for non-orientable Riemannian
M M

2—manifolds) .

(Gauss—Bonnet theorem for manifolds with boundary) Let M be a compact,
oriented, 2-dimensional manifold with boundary and let X be a vector field in
M transverse to OM (i.e. such that X, & T,0M forall p € OM), with isolated
singularities pp, ..., px € M\OM. Prove that

k
K+/k=27r I,
f 5+ =22

for any Riemannian metric on M, where K is the Gauss curvature of M and k,,
is the geodesic curvature of OM.

Let (M, g) be a compact orientable 2-dimensional Riemannian manifold, with
positive Gauss curvature. Show that any two non-self-intersecting closed geo-
desics must intersect each other.

Let M be a differentiable manifold and f : M — R a smooth function.

(a) (Hessian) Let p € M be a critical point of f (i.e. (df), = 0). The Hessian
of f at p is the map (Hf), : T,M x T,M — R given by

2

0
(Hf)p(vv w) = %ls:r:o(f 0’7)(570,

where v : U C R?> — M is such that v(0,0) = p, %;’(0, 0) = v and
% (0, 0) = w. Show that (Hf) is a well-defined symmetric 2-tensor.

(b) (Morse theorem) If (Hf) , is nondegenerate then p is called a nondegener-
ate critical point. Assume that M is compact and f is a Morse function,
i.e. all its critical points are nondegenerate. Prove that there are only a finite
number of critical points. Moreover, show that if M is 2-dimensional then

X(M)=m —s +n,

where m, n and s are the numbers of maxima, minima and saddle points
respectively. (Hint: Choose a Riemannian metric on M and consider the vector field X := grad f).
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(6) Let (M, g) be a 2-dimensional Riemannian manifold and A C M a geodesic
triangle, i.e. an open set homeomorphic to an Euclidean triangle whose sides
are images of geodesic arcs. Let «, (3, y be the inner angles of A, i.e. the angles
between the geodesics at the intersection points contained in JA. Prove that for
small enough A one has

a+6+7=7r+/ K,
A

where K is the Gauss curvature of M, using:

(a) the fact that [ A K is the angle by which a vector parallel-transported once
around OA rotates;
(b) the Gauss—Bonnet theorem for manifolds with boundary.

(Remark: We can use this result to give another geometric interpretation of the Gauss curvature: K (p) =
lima_, P %)

(7) Let (M, g) be a simply connected 2-dimensional Riemannian manifold with
nonpositive Gauss curvature. Show that any two geodesics intersect at most in
one point. (Hint: Note that if two geodesics intersected in more than one point then there would exist a
geodesic biangle, i.e. an open set homeomorphic to a disc whose boundary is formed by the images of two

geodesic a.rcs) .

4.4 Manifolds of Constant Curvature

Recall that a manifold is said to have constant curvature if all sectional curvatures
at all points have the same constant value K. There is an easy way to identify these
manifolds using their curvature forms.

Lemma 4.1 If M is a manifold of constant curvature K, then, around each point
p € M, all curvature forms Ql] satisfy

QIJ = Ko /\wj, 4.8)

where {w', ..., w"} is any field of orthonormal coframes defined on a neighborhood
of p. Conversely, if on a neighborhood of each point of M there is a field of orthonor-
mal frames {E1, ..., E,} such that the corresponding field of coframes {w", . .., w"}
satisfies (4.8) for some constant K, then M has constant curvature K.

Proof If M has constant curvature K then

Q = Q! (Er. Byt Aw' =" W (R(Ex, ENE) ¥ Ao
k<l k<l
= S UR(Er, ENEr, Epwf Al = Ry ok Ao
k<l k<l
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= —ZK(5ki(5[j — (5kj(51i)wk Awl = —Kw' Awl.
k<l

Conversely, let us assume that there is a constant K such that on a neighborhood of
each point p € M we have Q! = —Kw' A w’. Then, for every section IT of the
tangent space T}, M, the corresponding sectional curvature is given by

K()=—-R(X,Y,X,Y)
where X, Y are two linearly independent vectors spanning IT (which we assume to

span a parallelogram of unit area). Using the field of orthonormal frames around p,
wehave X = > " | X'E;and Y = >, Y'E; and so,

K (IT)

n
— > X'YIX'Y'R(E;, Ej. Ex, Ep)
ij.k,I=1

n
— Z X'y xky' Ql(E;, Ej)
ij.k,l=1

n
K Z X'y X vk AWN(E E)
ij.kl=1

n
k> xivixty! (wk (Enw!'(E;) — wk(Ej)wl(E,'))
i jkl=1
n
K Z XinXle(5ik5ﬂ — 5jk5il)
i,k i=1

= K (IXIPIYIP - X, 1)?) = K. .

Let us now see an example of how we can use this lemma.

Example 4.2 The n-dimensional hyperbolic space of radius a > 0, H" (a), is the
open half-space

(x!,...x") eR" | x" > 0}

equipped with the Riemannian metric

2
gij(x) = (XT)ZC;"/"
This Riemannian manifold has constant sectional curvature K = — al—z Indeed, using

the above lemma, we will show that on H" (a) there is a field of orthonormal frames
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(E1, ..., E,} whose dual field of coframes {w!, ..., w"} satisfies
i ) .

Q =—-Ku' Aw! 4.9)
forK = —ulz.Forthat,letus consider the natural coordinate systemx : H" (a) — R"
and the corresponding field of coordinate frames {X1, ..., X,,} with X; = % Since

2
a
(Xi, Xj) = 2 0ij

we obtain a field of orthonormal frames {Eq, ..., E,} with E; = %”X,-, and the
corresponding dual field of coframes {w!, ..., w"} where w' = )%dxi. Then

n
i_ 4 i n_l i no_ j 1 o
dw —(xn)zdx Adx —Zw AW = Elw A(_E(S/"w ,
j=

and so, using the structure equations

n
dw' =ij /\w;
Jj=1
J i_0
W —l—w]- =0,

1

we can guess that the connection forms are given by wi. = %(5,-,,wj -0 jnwi ). Indeed,
we can easily verify that these forms satisfy the above structure equations, and hence
must be the connection forms by unicity of solution of these equations. With these

forms it is now easy to compute the curvature forms Qlj using the third structure
equation

n
dwi] =Zwlk/\w,i +Q{.
k=1

We have
J 1 i Jj 1 i n j n
dw; =d Z(5j,,w —dipw’) ) = ) O jpw' AW" = dipw! AW

and

n n
] , ,
k k k
wi Awj = 2 E (Brnw" — Ginw™) A (8 jpw” — Gpw?)
k=1 k=1
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1 < : C ,
= Z(5kn5jnwl AW = St A w! + Ginpnw® A wl)
k=1

1 ) ) . 4
= —2(5j,,wl AW — W AW 460" Awd),
a

and so,
n

. . 1. .
Qlj =dw;’ —waAw;i = —zw’ Aw’.
a
k=1

‘We conclude that K = —aiz.

The Euclidean spaces R" have constant curvature equal to zero. Moreover, we can
easily see that the spheres " (r) C R"*! of radius r have constant curvature equal

iz [cf. Exercise 5.7(2)]. Therefore we have examples of manifolds with arbitrary
constant negative (H" (a)), zero (R") or positive (S” (r)) curvature in any dimension.
Note that all these examples are simply connected and are geodesically complete.
Indeed, the images of the geodesics of the Euclidean space R” are straight lines,
S™(r) is compact and the images of the geodesics of H" (a) are either half circles
perpendicular to the plane x” = 0 and centered on this plane, or vertical half lines
starting at the plane x" = 0 [cf. Exercise4.7(4)].

Every simply connected geodesically complete manifold of constant curvature is
isometric to one of these examples, as is stated in the following theorem. In general, if
the manifold is not simply connected (but still geodesically complete), it is isometric
to the quotient of one of the above examples by a free and proper action of a discrete
subgroup of the group of isometries (it can be proved that the group of isometries of
a Riemannian manifold is always a Lie group).

Theorem 4.3 (Killing-Hopf) Let M be a connected, geodesically complete
n-dimensional Riemannian manifold with constant curvature K.

(1) If M is simply connected then it is isometric to one of the following: S" (\/L?)
ifK >0, R"ifK =0, or H" (ﬁ) if K < 0.

(2) If M is not simply connected then M is isometric to a quotient M /T, where M
is one of the above simply connected manifolds and U is a nontrivial discrete
subgroup of the group of isometries of M acting properly and freely on M.

Proof The proof of this theorem can be found in [dC93]. Here we just give the
proof in the case when M is simply connected, » = 2 and K = 0. In this case,
the Cartan—-Hadamard theorem [cf. Exercise5.8(5) in Chap.3] implies that given
p € M the map exp,, : T, M — M is a diffeomorphism. Let {E}, E2} be a global
orthonormal frame on M (obtained by orthonormalizing the frame associated to
global Cartesian coordinates). Since K = 0, the corresponding connection form w%
satisfies dwl = 0, and so by the Poincaré Lemma [cf. Exercise 3.8(5) in Chap. 2]

we have wl df for some smooth function f € C*®(M). Let {F], F>} be the
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orthonormal frame with the same orientation as { E1, E»} such that the angle between
E| and Fy is 8 = — f. Then its connection form w% satisfies E% = wlz +df = 0, that
is, Vi, F1 = Vg, I, = Vi, F1 = Vi, F, = 0. We conclude that [F7, F2] = 0, and
s0, by Theorem 6.10 in Chap. 1, their flows commute. We can then introduce local
coordinates (x, y) in M by using the parameterization

ox,y) = wl,x o 7//2,x(17)

(where 1, ¢ are the flows of Fy, F>). Using % = Fj and 6_0)) = F>, it is easily

shown that p(x,y) = exp,, (x(Fl)p + y(Fz)p), and so (x, y) are actually global
coordinates. Since in these coordinates the metric is written

g=dx @dx +dy ®dy,

we conclude that M is isometric to R2. |

Example 4.4 Let M = R2. Then the subgroup of isometries I" cannot contain isome-
tries with fixed points (since it acts freely). Hence I' can only contain translations
and gliding reflections (that is, reflections followed by a translation in the direction
of the reflection axis). Moreover, I' is generated by at most two elements, one of
which may be assumed to be a translation [cf. Exercise4.7(6)]. Therefore we have:

(1) if I is generated by one translation, then the resulting surface will be a cylinder;

(2) if I is generated by two translations we obtain a torus;

(3) if I is generated by a gliding reflection we obtain a Mdbius band;

(4) if ' is generated by a translation and a gliding reflection we obtain a Klein
bottle.

These are all the possible examples of geodesically complete Euclidean surfaces
(2-dimensional manifolds of constant zero curvature).

Example 4.5 The group of orientation-preserving isometries of the hyperbolic plane
H?is PSL(2,R) = SL(2, R)/{=id}, acting on H? through

(a b) __az+b

cd) * T cz+d’

where we make the identification R? 2 C [cf. Exercise4.7(8) and Sect. 4.6.1]. To find
orientable hyperbolic surfaces, that is, surfaces with constant curvature K = —1, we
have to find discrete subgroups I' of PSL(2, R) acting properly and freely on H?2.
Here there are many more possibilities. As an example, we can consider the group
I' = (f) generated by the translation f(z) = z+ 2. The resulting surface is known
as a pseudosphere and is homeomorphic to a cylinder (cf. Fig.4.3). However, the
width of the end where y — +00 converges to zero, while the width of the end
where y — 0 converges to +o0. Its height towards both ends is infinite. Note that

this surface has geodesics which transversely auto-intersect a finite number of times
(cf. Fig.4.4).
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I

—27 0 27 4

Fig. 4.3 Pseudosphere

—27 0 2m 4m

Fig. 4.4 Trajectories of geodesics on the pseudosphere

Other examples can be obtained by considering hyperbolic polygons (bounded by
geodesics) and identifying their sides through isometries. For instance, the surface
in Fig.4.5b is obtained by identifying the sides of the polygon in Fig.4.5a through
the isometries g(z) = z 4+ 2 and h(z) = ﬁ Choosing other polygons it is possi-
ble to obtain compact hyperbolic surfaces. In fact, there exist compact hyperbolic
surfaces homeomorphic to any topological 2-manifold with negative Euler character-
istic (the Gauss—Bonnet theorem does not allow non-negative Euler characteristics
in this case).

Example 4.6 To find Riemannian manifolds of constant positive curvature we have to
find discrete subgroups of isometries of the sphere that act properly and freely. Let us
consider the case where K = 1. Then I' € O(n + 1) [cf. Exercise4.7(11)]. Since it
must act freely on S, no element of I'\{id} can have 1 as an eigenvalue. We will see
that, when n is even, S” and RP" are the only geodesically complete manifolds of
constant curvature 1. Indeed, if A € I, then A is an orthogonal (n+1) x (n+1) matrix
and so all its eigenvalues have absolute value equal to 1. Moreover, its characteristic
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1%

-1 0 1

Fig. 4.5 a Hyperbolic polygon, b Thrice-punctured sphere

polynomial has odd degree (n+ 1), and so it has areal root, equal to ==1. Consequently,
A2 has 1 as an eigenvalue, and so it has to be the identity. Hence, A = Al = A,
and so A is symmetric, implying that all its eigenvalues are real. The eigenvalues of
A are then either all equal to 1 (if A = id) or all equal to —1, in which case A = — id.
We conclude that I' = {#id} implying that our manifold is either S or RP".If n is
odd there are other possibilities, which are classified in [Wol78].

Exercise 4.7

ey

@

3

“

&)

Show that the metric of H"(a) is a left-invariant metric for the Lie group
structure induced by identifying (x!,...,x") € H"(a) with the affine map
g : R~ — R"! given by

g@', Yy =X Y e .

Prove that if the forms w' in a field of orthonormal coframes satisfy dw' =
a A W' (with o a 1-form), then the connection forms wi] are given by wi] =

a(Epw! — a(Ej)wi = —wé. Use this to confirm the results in Example 4.2.

Let K be a real number and let p = 1 + (%) z?zl(xi)z. Show that, for the
Riemannian metric defined on R” by

1
gij(p) = 2 ij,

the sectional curvature is constant equal to K.

Show that any isometry of the Euclidean space R" which preserves the
coordinate function x” is an isometry of H"(a). Use this fact to determine
all the geodesics of H" (a).

(Schur theorem) Let M be a connected isotropic Riemannian manifold of
dimension n > 3. Show that M has constant curvature. (Hint: Use the structure
equations to show that dK = 0).
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(6) To complete the details in Example 4.4, show that:

(a) the isometries of R? with no fixed points are either translations or gliding
reflections;

(b) any discrete group of isometries of R? acting properly and freely is generated
by at most two elements, one of which may be assumed to be a translation.

(7) Let f, g : R> - R? be the isometries

fx,y)=(x,y+1 and gkx,y)=x+1,y)

(thus f is a gliding reflection and ¢ is a translation). Check that R?/(f) is
homeomorphic to a Mobius band (without boundary), and that R?/(f, g) is
homeomorphic to a Klein bottle.

(8) Let H? be the hyperbolic plane. Show that:

(a) the formula

ab az+b
(Cd)'z.—m (ad—bc_l)

defines an action of PSL(2,R) := SL(2, R)/{%id} on H? by orientation-
preserving isometries;

(b) for any two geodesics ¢y, ¢y : R — H?, parameterized by the arclength,
there exists g € PSL(2, R) such that ci(s) = g - c2(s) forall s € R;

(c) given z1,22,23,24 € H? with d(z1,20) = d(z3,z4), there exists g €
PSL(2,R)suchthatg-zy =zz3and g- 22 = z4;

(d) an orientation-preserving isometry of H> with two fixed points must be the
identity. Conclude that all orientation-preserving isometries are of the form
f(z) =g -zforsomeg e PSL(2,R).

(9) Check that the isometries g(z) = z + 2 and h(z) = 2;ﬁ of the hyperbolic
plane in Example 4.5 identify the sides of the hyperbolic polygon in Fig.4.5.
(10) A tractrix is the curve described parametrically by

u >0
y =sechu ( )

{x =u —tanhu
(its name derives from the property that the distance between any point in the
curve and the x-axis along the tangent is constant equal to 1). Show that the
surface of revolution generated by rotating a tractrix about the x-axis (trac-
troid) has constant Gauss curvature K = —1. Determine an open subset of the
pseudosphere isometric to the tractroid. (Remark: The tractroid is not geodesically complete;
in fact, it was proved by Hilbert in 1901 that any surface of constant negative curvature embedded in Euclidean

3-space must be incomplete).

(11) Show that the group of isometries of S” is O (n + 1).
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(12) Let G be a compact Lie group of dimension 2. Show that:

(a) G is orientable;

() x(G) =0;

(c) any left-invariant metric on G has constant curvature;
(d) G is the 2-torus T'2.

4.5 Isometric Immersions

Many Riemannian manifolds arise as submanifolds of other Riemannian manifolds,
by taking the induced metric (e.g. " C R"*1). In this section, we will analyze how
the curvatures of the two manifolds are related.

Let f : N — M be an immersion of an n-manifold N on an m-manifold M. We
know from Sect.4.5 of Chap. 1 that for each point p € N there is a neighborhood
V C N of p where f is an embedding onto its image. Hence f (V) is a submanifold
of M. To simplify notation, we will identify V with f(V), and proceed as if f were
the inclusion map. Let (-, -) be a Riemannian metric on M and let ((-, -)) be the metric
induced on N by f (which is therefore called an isometric immersion). For every
p € V, the tangent space T, M can be decomposed as

T,M = T,N & (T,N)*.

Therefore, every element v of 7, M can be written uniquely as v = v’ +vt, where
vl e T, N is the tangential part of v and vt e (T,N )" is the normal part of v. Let
V and V be the Levi-Civita connections of (M, (-, -)) and (N, ({-, -))), respectively.
Let X, Y be two vector fieldsin V C N and let X, Y be two extensions of X,Ytoa
neighborhood W C M of V. Using the Koszul formula, we can easily check that

VxY = (Vg¥)'
[cf. Exercise 3.3(6) in Chap. 3]. We define the second fundamental form of N as
B(X,Y):=VgV —Vy?Y.
Note that this map is well defined, that is, it does not depend on the extensions X,Yof
X, Y [cf. Exercise 5.7(1)]. Moreover, it is bilinear, symmetric, and, for each p € V,
B(X,Y), € (T,N)* depends only on the values of X, and ¥,,.
Using the second fundamental form, we can define, for each vectorn, € (T, N )L,

a symmetric bilinear map H,, : T,N x T, N — R through

Hy,(Xp. Yp) = (B(Xp, Yp), np).
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The corresponding quadratic form is often called the second fundamental form of
f at p along the vector .
Finally, since an is bilinear, there exists a linear map S, p ° T,N — T,N
satisfying
((Snp(Xp), Yp>> = Hn,,(Xp, Yp) = (B(Xp’ Y,), np)
forall X, Y, € T,N.Itis easy to check that this linear map is given by

Sn, (Xp) = —=(Vgn)).

where n is a local extension of n), normal to N. Indeed, since (17, n) =0on N and
X is tangent to N, we have on N

({(Sn(X), Y)) = =
= (Vg V,n)=X-(Y,n)— (Y, Vgn)

B
Vi Y, n)
(=Vgn, Y) = ((-(Vgm) T, 7).

Therefore
((Sn, (Xp), Yp)) = ((=(Vgn) ;. ¥p))

forall Y, € T,N.

Example 5.1 Let N be a hypersurface in M, i.e. let dimN = n and dimM =
n + 1. Consider a point p € V (a neighborhood of N where f is an embedding),
and a unit vector n, normal to N at p. As the linear map S,, : T,N — T,N
is symmetric, there exists an orthonormal basis of T, N formed by eigenvectors
{(EDp, ..., (Ep)p}(called principal directions at p) corresponding to the set of real
eigenvalues A1, ..., A\, of S, » (called principal curvatures at p). The determinant
of the map S, » (equal to the product A\ - - - \y) is called the Gauss curvature of f
and H := % trS,, = %(/\1 4+ --- 4+ \,) is called the mean curvature of /. When
n =2 and M = R? with the Euclidean metric, the Gauss curvature of f is in fact
the Gauss curvature of N as defined in Sect.4.1 (cf. Example 5.5).

Example 5.2 Tf, in the above example, M = R"t! with the Buclidean metric, we
can define the Gauss map g : V C N — §", with values on the unit sphere,
which, to each point p € V, assigns the normal unit vector . Since 1, is normal to
T, N, we can identify the tangent spaces 7, N and T()S" and obtain a well-defined
map (dg)p : T,N — T,N. Choosing a curve ¢ : I — N with ¢(0) = p and
¢(0) =X, € T,N, we have

d d ~
(dg)p(Xp) = E(g 0C) g = Enc(t)h:o = (VC'I’Z)[, ,
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where we used the fact V is the Levi-Civita connection for the Euclidean metric.
However, since ||n|| = 1, we have

0=2¢(@) - (n,n) =2(Ven,n),
implying that
dg)p(Xp) = (Ven), = (Ven)) = =S,,(X,).
We conclude that the derivative of the Gauss map at p is (dg)p = —Sp,,.

Let us now relate the curvatures of N and M.

Proposition 5.3 Let p be a point in N, let X, and Y, be two linearly independent
vectors in Ty,N C TyM and let T1 C T,N C T, M be the 2-dimensional subspace
generated by these vectors. Let K™ (IT) and K™ (I1) denote the corresponding sec-
tional curvatures in N and M, respectively. Then

(B(Xp, Xp), BUYp, Yp)) = IB(Xp, Yp)I?

KN — kM) =
IXpI20Y 11 = (Xp, Y)p)?

Proof Observing that the right-hand side depends only on I, we can assume, without
loss of generality, that {X, Y,} is orthonormal. Let X, Y be local extensions of
Xp, Yp, defined on a neighborhood of p in N and tangent to N, also orthonormal.
Let X, Y be extensions of X, Y to a neighborhood of p in M. Moreover, consider a
field of frames {E1, ..., E, 1}, also defined on a neighborhood of p in M, such that
Ey, ..., E,aretangentto N with £y = X and Eo =Y on N,and E, 1, ..., E 4«
are normal to N (n + k = m). Then, since B(X, Y) is normal to N,

k k
B(X,Y) =D (B(X,Y), Enyi) Enyi = > Hg,;(X,Y) Enyi.
i=1 i=1

On the other hand,

KN — kM)

- RN(va va Xpy Yp) + RM(ip, ?pv Yps ?p)
(VxVy X +VyVx X +Vix 1 X

+ VgV X —VyVgX — V[gyy] X)p, Yp)

=((=VxVy X +Vy Vx X + V5 Vs X — Vy V5 X),, ¥)p),

where we have used the fact that 6[;“7])? — Vix,y; X is normal to N
[cf. Exercise 5.7(1)]. However, since on N
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k
Vi Vg X = V5(B(X, X) + Vx X) = Vy (Z Hg, .. (X, X)Epsi + Vx X)
i=l1
k
= > (Hg,.,(X, X)Vy Enyi + Y - (Hg, (X, X)) Enyi) + Vg Vx X,
i=1

we have

k
(Vy Vg X.Y) =D Hp,, (X, X)(Vy Eqyi, Y) + (V5 Vx X, Y).
i=1

Moreover,
0=Y (Eysi,¥Y) = (V5 Enii. ¥) + (Engi, V5 ¥)
= <VY n+is Y)+(E n+,,B(Y,Y)+VYY)
= <VY n+i» Y)+(E n+i’B(Y Y))
(V E, i, Y)+ Hg, (YY),
and so
k
(V3 V5 X, Y) ZHEn+, (X, X)Hg,,,(Y,Y) + (V5 Vx X, Y)
i=l1
k

=—> Hg, (X, X)Hg, ,(Y.Y) + (Vy Vx X, Y).
i=1

Similarly, we can conclude that

k
(V5 V7 X, Y) Z Hg, ., (X,Y)Hg, ,(X,Y) + (Vx Vy X, Y),
i=1

and then
KN (1) — kM)
k
= > ((Hey (X Yp)P o+ He (X, Xp)H, (V). Yy))

= —B(X,, Y))I* + (B(Xp, Xp), B(Y), Y})). 0

Example 5.4 Again in the case of a hypersurface N, we choose an orthonor-
mal basis {(E1)p,...,(Ey)p} of T,N formed by eigenvectors of Snp, where
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n, € (T,N)L. Hence, considering a section IT of T, N generated by two of these
vectors (E;)p, (Ej)p, and using B(X), Y),) = ((S,,p (Xp), Yp))n,, we have

KN — kM)
= —|BUE) ps (ENI* + (BUE) p, (E) p)s BUE ) p, (E})p))

= —((Su, (E) p) (EDp)) 4 (S, (Ei)p)s (ED) p))((Sn, (E)p)s (Ej)p))
= A\

Example 5.5 In the special case where N is a 2-manifold, and M = R3 with the
Euclidean metric, we have K™ = 0 and hence KV ( p) = A1z, as promised in
Example 5.1. Therefore, although A\; and A\, depend on the immersion, their product
depends only on the intrinsic geometry of N. Gauss was so pleased by this discovery
that he called it his Theorema Egregium (‘remarkable theorem’).

Let us now study in detail the particular case where N is a hypersurface in M =
R™*! with the Euclidean metric. Let ¢ : I — N be a curve in N parameterized
by arc length s and such that ¢(0) = p and ¢(0) = X, € T, N. We will identify
this curve ¢ with the curve f o ¢ in R"*!. Considering the Gauss map g : V — §”
defined on a neighborhood V of p in N, we take the curve n(s) := (g o c¢)(s) in S".
Since V is s the Levi—Civita connection corresponding to the Euclidean metric in R3,
we have (V. ¢, n) = (¢, n). On the other hand,

(Veé,n) = (B, ¢) + Veé,n) = (B(E, ), n) = Hy(¢, 6).

Hence, at s = 0, Hyp)(Xp, Xp) = (€(0), np). This value k,, := (¢(0),np) is
called the normal curvature of ¢ at p. Since k,, is equal to Hy(,)(Xp, X)), it does
not depend on the curve, but only on its initial velocity. Because Hyp)(Xp, X)) =
({Sg(p)(Xp), X)), the critical values of these curvatures subject to || X || = 1 are
equalto Ay, ..., \,, and are called the principal curvatures. This is why in Example
5.1 we also called the eigenvalues of S, , principal curvatures. The Gauss curvature
of f is then equal to the product of the principal curvatures, K = Aj...\,. As the
normal curvature does not depend on the choice of curve tangent to X, at p, we can
choose c to take values on the 2-plane generated by X, and n,. Then ¢(0) is parallel
to the normal vector n,, and

lkn| = [{¢(0), n)| = IEO)|| = ke,
where k. := ||¢(0)] is the so-called curvature of the curve ¢ at ¢(0). The same
formula holds if ¢ is a geodesic of N [cf. Exercise 5.7(6)].

Example 5.6 Let us consider the following three surfaces: the 2-sphere, the cylinder
and the saddle surface z = xy.

(1) Let p be any point on the sphere. Intuitively, all points of this surface are on the
same side of the tangent plane at p, implying that both principal curvatures have
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the same sign (depending on the chosen orientation), and consequently that the
Gauss curvature is positive at all points.

If p is any point on the cylinder, one of the principal curvatures is zero (the
maximum or the minimum, depending on the chosen orientation), and so the
Gauss curvature is zero at all points.

Finally, if p is a point on the saddle surface z = xy then the principal curvatures
at p have opposite signs, and so the Gauss curvature is negative.

Exercise 5.7

(D

2

3)

“4)

Let M be a Riemannian manifold with Levi—Civita connection 6 and let N be
a submanifold endowed with the induced metric and Levi—Civita connection V.
Let X,Y € X (M) be local extensions of X, Y € X(N). Recall that the second
fundamental form of the inclusion of N in M is the map B : T,N x T,N —
(TpN ) defined at each point p € N by

B(X,Y):=VzV —Vyx?Y.

Show that:

(a) B(X,Y) does not depend on the choice of the extensions X , 17;
(b) B(X,Y)isorthogonal to N;

(c) B issymmetric, i.e. B(X,Y) = B(Y, X);

(d) B is bilinear;

(e) B(X,Y)p depends only on the values of X, and ¥);

) V[;(’y]X — Vix.,y] X is orthogonal to N.

Let §”(r) C R**! be the n dimensional sphere of radius r.

(a) Choosing at each point the outward pointing normal unit vector, what is the
Gauss map of this inclusion?

(b) What are the eigenvalues of its derivative?

(c) Show that all sectional curvatures are equal to riz (so §™(r) has constant
curvature riz).

Let (M, (-, -)) be a Riemannian manifold. A submanifold N C M is said to be

totally geodesic if the the geodesics of N are geodesics of M. Show that:

(a) N istotally geodesicif and only if B = 0, where B is the second fundamental
form of N;

(b) if N is the set of fixed points of an isometry then N is totally geodesic. Use
this result to give examples of totally geodesic submanifolds of R”, $” and
H".

Let N be a hypersurface in R”*! and let p be a pointin N. Show thatif K (p) # 0

then
vol(g(D))
vol(D)

)

K = i
K| = Jim
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where g : V. C N — S" is the Gauss map and D is a neighborhood of p whose
diameter tends to zero.

(5) Let (M, (-,-)) be a Riemannian manifold, p a point in M and II a section
of T,M. For B:(p) := exp »(B=(0)) a normal ball around p consider the set
N, = exp[,(BE(O) N IT). Show that:

(a) the set N, is a 2-dimensional submanifold of M formed by the segments of
geodesics in B-(p) which are tangent to IT at p;

(b) ifin N, we use the metric induced by the metric in M, the sectional curvature
KM (I1) is equal to the Gauss curvature of the 2-manifold N -

(6) Let (M, (-, -)) be a Riemannian manifold with Levi—Civita connection V and
let N be a hypersurface in M. The geodesic curvature of a curve ¢ : I C
R — M, parameterized by arclength, is k,(s) = ||§é(s)c'(s)||. Show that the
absolute values of the principal curvatures are the geodesic curvatures (in M)
of the geodesics of N tangent to the principal directions. (Remark: In the case of an
oriented 2-dimensional Riemannian manifold, k is taken to be positive or negative according to the orientation
of {¢(5), V() é(s))—cf. Sect. 4.2).

(7) Use the Gauss map to compute the Gauss curvature of the following surfaces in
R3:
(a) the paraboloid z = % (x* + y?);
(b) the saddle surface z = xy.

(8) (Surfaces of revolution) Consider the map f : R x (0, 27) — R3 given by
f(s,6) = (h(s)cos@, h(s)sinb, g(s))
with 7 > 0 and g smooth maps such that
(W) +(g'()* = 1.

The image of f is the surface of revolution S with axis Oz, obtained by rotating
the curve a(s) = (h(s), g(s)), parameterized by the arclength s, around that
axis.

(a) Show that f is an immersion.

(b) Show that f, := (df) (02) and fy := (df)(}) are orthogonal,

(c) Determine the Gauss map and compute the matrix of the second fundamental
folrm of S associated to the frame {E;, Eyp}, where E; := f; and Ep =
7 e

(d) Compute the mean curvature H and the Gauss curvature K of S.

(e) Using these results, give examples of surfaces of revolution with:

(1) K=0;
2) K=1;
3) K=-1;
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(4) H = 0 (not a plane).
(Remark: Surfaces with constant zero mean curvature are called minimal surfaces; it can be proved
that if a compact surface with boundary has minimum area among all surfaces with the same boundary

then it must be a minimal surface).

4.6 Notes

4.6.1 Section 4.4

The isometries of the hyperbolic plane are examples of linear fractional transfor-
mations (or Mobius transformations), i.e. maps f : C — C given by

az+b
cz+d’

f@) =

with a, b, c,d € C satisfying ad — bc # 0. It is easy to see that each of these
transformations is a composition of the following types of transformations:

(1) translations: z — z + b;

(2) rotations: z +— az, |a| = 1;
(3) homotheties: z — rz, r > 0;
(4) inversions: z — 1/z,

and so it is clear that they carry straight lines and circles to either straight lines or
circles.

The special values f(oc0) = % and f (—%) = 00 can be introduced as limits for
z — oo and z — —d/c, and so, using the stereographic projection, we can see f
as a map from the sphere to itself. Noting that both straight lines and circles in the
plane correspond to circles in the sphere, we can say that a Mobius transformation,
seen as a map on the sphere, carries circles into circles.

4.6.2 Bibliographical Notes

The material in this chapter can be found in most books on Riemannian geome-
try (e.g. [Boo03, dC93, GHLO04]). The proof of the Gauss—Bonnet theorem (due to
S. Chern) follows [dC93, CCLOO0] closely. See [KN96, Jos02] to see how this theo-
rem fits within the general theory of characteristic classes of fiber bundles. A more
elementary discussion of isometric immersions of surfaces in R? (including a proof
of the Gauss—Bonnet theorem) can be found in [dC76, Mor98].
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Chapter 5
Geometric Mechanics

Mechanics, the science of motion, was basically started by Galileo and his
revolutionary empirical approach. The first precise mathematical formulation was
laid down by Newton in the Philosophiae Naturalis Principia Mathematica, first
published in 1687, which contained, among many other things, an explanation for
the elliptical orbits of the planets around the Sun. Newton’s ideas were developed
and extended by a number of mathematicians, including Euler, Lagrange, Laplace,
Jacobi, Poisson and Hamilton. Celestial mechanics, in particular, reached an exquisite
level of precision: the 1846 discovery of planet Neptune, for instance, was triggered
by the need to explain a mismatch between the observed orbit of planet Uranus and
its theoretical prediction.

This chapter uses Riemannian geometry to give a geometric formulation of
Newtonian mechanics. As explained in Sect. 5.1, this is made possible by the fact
that the kinetic energy of any mechanical system yields a Riemannian metric on
its configuration space, that is, the differentiable manifold whose points represent
the possible configurations of the system. Section 5.2 describes how holonomic con-
straints, which force the system to move along submanifolds of the configuration
space, yield nontrivial mechanical systems. A particularly important example of this,
the rigid body, is studied in detail in Sect. 5.3. Non-holonomic constraints, which
restrict velocities rather than configurations, are considered in Sect.5.4.

Section5.5 presents the Lagrangian formulation of mechanics, where the
trajectories are obtained as curves extremizing the action integral. Also treated is
the Noether theorem, which associates conservation laws to symmetries. The dual
Hamiltonian formulation of mechanics, where the trajectories are obtained from
special flows in the cotangent bundle, is described in Sect. 5.6, and used in Sect. 5.7 to
formulate the theory of completely integrable systems, whose dynamics are partic-
ularly simple. Section 5.8 generalizes the Hamiltonian formalism to symplectic and
Poisson manifolds, and discusses reduction of these manifolds under appropriate
symmetries.

© Springer International Publishing Switzerland 2014 165
L. Godinho and J. Natdrio, An Introduction to Riemannian Geometry, Universitext,
DOI 10.1007/978-3-319-08666-8_5
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5.1 Mechanical Systems

In mechanics one studies the motions of particles or systems of particles subject to
known forces.

Example 1.1 The motion of a single particle in n-dimensional space is described by
acurve x : I C R — R”.Itis generally assumed that the force acting on the particle
depends only on its position and velocity. Newton’s Second Law requires that the
particle’s motion satisfies the second-order ordinary differential equation

mx = F(x, x),

where F : R"xR" — R"isthe force acting on the particleand m > 0is the particle’s
mass. Therefore the solutions of this equation describe the possible motions of the
particle.

It will prove advantageous to make the following generalization:

Definition 1.2 A mechanical system is a triple (M, (-, -), F), where:

(i) M is a differentiable manifold, called the configuration space;
(i) (-, -) is a Riemannian metric on M yielding the mass operator  : TM —
T*M, defined by

u@)(w) = (v, w)
forallv,w € T,M and p € M;

(iii) F : TM — T*M is a differentiable map satisfying F (T, M) C T;,"M for all
p € M, called the external force.

A motion of the mechanical system is a solution ¢ : I C R — M of the Newton

equation
D¢
— ) = F(©).
2 ( y t) (©)
Remark 1.3 Inparticular, the geodesics of a Riemannian manifold (M, (-, -)) are the

motions of the mechanical system (M, (-, -), 0) (describing a free particle on M).

Example 1.4 For the mechanical system comprising a single particle moving in n-
dimensional space, the configuration space is clearly R”. If we set

(v, w)) :=m (v, w)

for all v, w € R", where (-, -) is the Euclidean inner product in R”, then the Levi-
Civita connection of ((-, -)) will still be the trivial connection, and
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bx _
dt
Setting
F(x,v)(w) := (F(x,v), w) (5.1)
for all v, w € R”, we see that
u (%) =F(x,x) & u (%) (v) = F(x, x)(v) for allv € R"

< m (X, v) = (F(x, x),v)forallv € R”
< miX = F(x, X).

Hence the motions of the particle are the motions of the mechanical system
(R", ((-, )}, F) with F defined by (5.1).

Definition 1.5 Let (M, (-, -), F) be a mechanical system. The external force F is
said to be:

(i) positional if 7 (v) depends only on m(v), where 7 : TM — M is the natural
projection;

(ii) conservative if there exists U : M — R such that 7 (v) = —(dU)y() for all
v € TM (the function U is called the potential energy).

Remark 1.6 In particular any conservative force is positional. A mechanical system
whose exterior force is conservative is called a conservative mechanical system.

Definition 1.7 Let (M, (-, -), F) be a mechanical system. The Kinetic energy is the
differentiable map K : TM — R given by
K (v) : (v, v)
v) = —(v,v
2

forallve TM.

Example 1.8 For the mechanical system comprising a single particle moving in n-
dimensional space, one has

K(v) = %m (v, v).

Theorem 1.9 (Conservation of energy) In a conservative mechanical system
(M, {-,-), —dU), the mechanical energy E(t) = K(¢(t)) + U(c(t)) is constant
along any motionc : I C R - M.
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Proof
de ~ d (1 . ) U _ [ D¢ ) AU .
E(t) = (§<C([)’ c(n) + (C(t))) = <5(t), C(t)> + (dU) e c(1)

(D¢ . FENE) = 0
—M(E)(C)— (©)() =0. 0

A particularly simple example of a conservative mechanical system is
(M, (-, -), 0), whose motions are the geodesics of (M, (-, -)). In fact, the motions
of any conservative system can be suitably reinterpreted as the geodesics of a certain
metric.

Definition 1.10 Let (M, (-, -), —dU) be a conservative mechanical system and i €
R such that
My ={peM|U(p) <h}+#+02.

The Jacobi metric on the manifold M}, is given by
(v, w)) :=2[h = U(p)]{v, w)

forall v, w € TyMy, and p € Mj,.

Theorem 1.11 (Jacobi) The motions of a conservative mechanical system
(M, (-, -), —dU) with mechanical energy h are, up to reparameterization, geodesics
of the Jacobi metric on Mj,.

Proof We shall need the two following lemmas, whose proofs are left as exercises.

Lemma 1.12 Let (M, (-, -)) be a Riemannian manifold with Levi—Civita connection
V and let ((-,-)) = €*P(-,-) be a metric conformally related to (-, -) (where p €
C°°(M)). Then the Levi—Civita connection V of (-, -)) is given by

VxY = VxY +dp(X)Y +dp(Y)X — (X, Y) grad p

forall X,Y € X(M) (where the gradient is taken with respect to (-, -)). O

Lemma 1.13 A curve ¢ : I C R — M is a reparameterized geodesic of a Rie-
mannian manifold (M, (-, -)) if and only if it satisfies

pe
E_f()c

for some differentiable function f : I — R. (]

We now prove the Jacobi theorem. Let ¢ : I C R — M be a motion of
(M, (-, -), —dU) with mechanical energy /. Then Lemma 1.12 yields
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Dc'_Dc'+2d(.). (¢.¢) grad
TR p(¢) ¢ — (¢, ¢) grad p,

where d—D[ is the covariant derivative along c¢ with respect to the Jacobi metric and
¢?? = 2(h — U). The Newton equation yields

D¢ D¢
“(d_f) = —dU & —= = —grad U = ¢ grad p,

and by conservation of energy
(¢,¢) =2K =2(h — U) = *.

Consequently we have

Dc¢
— =2dp(¢) ¢,
7 p(c) ¢

which by Lemma1.13 means that c is a reparameterized geodesic of the Jacobi
metric. 0

A very useful expression for writing the Newton equation in local coordinates is
the following.

Proposition 1.14 Ler (M, (-,-), F) be a mechanical system. If (x', ..., x") are

local coordinates on M and (xl, Loxt ol v") are the local coordinates
induced on T M then

D¢ “.[d (0K . K . i
Jz (E(t)) = z [E (W (x(t),X(t))) iy (x (), X(t))} dx'.

i=1

In particular, if F = —dU is conservative then the equations of motion are

d (0K 0K U
— (— (x(1), J'C(t))) iy x(@), x(1) = ——(x())
x! ox!

dt \ ovi
(i=1,...,n)
Proof Exercise 1.16(8). ([l

Example 1.15

(1) (Particle in a central field) Consider a particle of mass m > 0 moving in R under
the influence of a conservative force whose potential energy U depends only on
the distance r = /x2 + y2 to the origin, U = u(r). The equations of motion
are most easily solved when written in polar coordinates (r, ), defined by
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x =rcosf
y =rsinf

Since

dx = cosOdr — rsin6do,
dy = sinfdr + r cos0d6,

it is easily seen that the Euclidean metric is written in these coordinates as
(\)=dx®@dx +dyQdy =dr Qdr +r*dd ® do,

and hence

Therefore we have

K oK oK oK
=mv", — =mrh’, — =mr (1)9)2, — =0,
" ov? or 20

and consequently the Newton equations are written

d .
o (mr) —mré* = —u'(r),

d 2
— (mr 9) =0.
dt
Notice that the angular momentum
po = mr*0

is constant along the motion. This conservation law can be traced back to the
fact that neither K nor U depend on 6.
(2) (Christoffel symbols for the 2-sphere) The metric for the 2-sphere S2 c R3is
written as
() =db ®db +sin* 0 dp ® dg

in the usual local coordinates (6, ¢) defined by the parameterization
¢ (0, ¢) = (sinf cos @, sin 6 sin @, cos f)
[cf. Exercise 3.3(4) in Chap.3]. A quick way to obtain the Christoffel symbols

in this coordinate system is to write out the Newton equations for a free particle
(of mass m = 1, say) on S2. We have


http://dx.doi.org/10.1007/978-3-319-08666-8_3
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K(@, , UG, U</>) — % I:(UB)Z + sinz Q(U(/))Z:I
and hence
8_K9 =’ 3_K = sin” 0 v, B_K = sin6 cosf (U‘P)z’ 8_K —
dv av? 96 a(p

Consequently the Newton equations are written
d . . . . 2
E(@)—sm@cos@w =04, 6 —sinfcosb o =0,
d .
- (sin29¢) —0o §+2c0t06¢=0.

Since these must be the equations for a geodesic on S2, by comparing with the
geodesic equations

x+Zkacx (i=1,2),

J.k=1

one immediately reads off the nonvanishing Christoffel symbols:
[4 : ¥
sz—sm900s9, Iy _F9_00t0

Exercise 1.16

(1) Generalize Examples 1.1, 1.4, and 1.8 to a system of k particles moving in R”.

(2) Let (M, (-,-), F) be a mechanical system. Show that the Newton equation
defines a flow on 7'M, generated by the vector field X € X(T M) whose local
expression is

X = v i+ Zglf(x)F (o — D Pt ] 2

) ov!
] =

where (xl, ..., x™) are local coordinates on M, (x], o xt vt oo v are

the local coordinates induced on 7T M, and

F = Z F;(x, v)dx'

i=1

on these coordinates. What are the fixed points of this flow?
(3) (Harmonic oscillator) The harmonic oscillator (in appropriate units) is the
conservative mechanical system (R, dx ® dx, —dU), where U : R — R is
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given by

1
Ux) = Ea)zxz.

(a) Write the equation of motion and its general solution.
(b) Friction can be included in this model by considering the external force

d
f(u—) = —dU — 2kudx
dx

(where k > 0 is a constant). Write the equation of motion of this new
mechanical system and its general solution.

(c) Generalize (a) to the n-dimensional harmonic oscillator, whose potential
energy U : R" — R is given by

(4) Consider the conservative mechanical system (R, dx ® dx, —dU). Show that:

(a) the flow determined by the Newton equation on TR = R? is generated by

the vector field 9 3
X=v——U'(x)— € X(R?);
ox av

(b) the fixed points of the flow are the points of the form (xg, 0), where x¢ is a
critical point of U;

(c) if x¢ is a maximum of U with U” (x¢) < 0 then (xg, 0) is an unstable fixed
point;

(d) if xg is a minimum of U with U” (x¢) > 0 then (xg, 0) is a stable fixed point,
with arbitrarily small neighborhoods formed by periodic orbits.

(e) the periods of these orbits converge to 27z U” (x) -3 as they approach (xg, 0);

(f) locally, any conservative mechanical system (M, (-, -), —dU) withdim M =
1 is of the form above.

(5) Prove Lemma 1.12. (Hint: Use the Koszul formula).

(6) Prove Lemmal.13.

(7) If (M, (-, -)) is a compact Riemannian manifold, it is known that there exists a
nontrivial periodic geodesic. Use this fact to show thatif M is compact then any
conservative mechanical system (M, (-, -}, —dU) admits a nontrivial periodic
motion.

(8) Prove Proposition 1.14.

(9) Recall that the hyperbolic plane is the upper half plane

H:{(x,y)€R2|y>0}
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with the Riemannian metric
1
thﬂm®m+®®®)

[cf. Exercise 3.3(5) in Chap. 3]. Use Proposition 1.14 to compute the Christoffel
symbols for the Levi—Civita connection of (H, (-, -)) in the coordinates (x, y).
(10) (Kepler problem) The Kepler problem (in appropriate units) consists in deter-
mining the motion of a particle of mass m = 1 in the central potential
1

U=—-.
r

(a) Show that the equations of motion can be integrated to

Vzé:Pe,

-2 2

7 Do 1

— 4+ 2~ _F,
2 +2r2 r

where E and pg are integration constants.
(b) Use these equations to show that u = % satisfies the linear ODE

d%u N 1
— tu=—=.
do? po?

(c) Assuming that the pericenter (i.e. the point in the particle’s orbit closer to
the center of attraction r = 0) occurs at 8 = 0, show that the equation of
the particle’s trajectory is

P02

= —
1+ ¢ecosf

e =+/1+2py?E.

(Remark: This is the equation of a conic section with eccentricity ¢ in polar coordinales).

(d) Characterize all geodesics of R? \ {(0, 0)} with the Riemannian metric

where

1
()= ——— (dx ®dx +dy ®dy).

Vx2 4 y2

Show that this manifold is isometric to the surface of a cone with aperture 7.
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5.2 Holonomic Constraints

Many mechanical systems involve particles or systems of particles whose positions
are constrained (for example, a simple pendulum, a particle moving on a given
surface, or a rigid system of particles connected by massless rods). To account for
these we introduce the following definition:

Definition 2.1 A holonomic constraint on a mechanical system (M, (-, -), F) isa
submanifold N C M withdim N < dim M. Acurvec : I C R — M is said to be
compatible with N if c¢(r) € N forallr € I.

Example 2.2

(1) A particle of mass m > 0 moving in R? subject to a constant gravitational accel-
eration g is modeled by the mechanical system (R?, ((-, -)), —mg dy), where

(v, w)) :=m (v, w)

({-, -) being the Euclidean inner product on R?). A simple pendulum is obtained
by connecting the particle to a fixed pivoting point by an ideal massless rod of
length [ > O (cf. Fig.5.1). Assuming the pivoting point to be the origin, this
corresponds to the holonomic constraint

N={(x,y) eR* | x> +y?=1%

(diffeomorphic to S h.

(2) Similarly, a particle of mass m > 0 moving in R subject to a constant gravita-
tional acceleration g is modeled by the mechanical system (R3, (-, ), —mg dz),
where

(v, w)) :=m (v, w)

Fig. 5.1 Simple pendulum



5.2 Holonomic Constraints 175

((-, -) being the Euclidean inner product on R?). Requiring the particle to move
on a surface of equation z = f(x, y) yields the holonomic constraint

N={(x,v,20eR|z= f(x, ).

(3) A system of k particles of masses m, ..., my moving freely in R3 is model-led
by the mechanical system (R3*, ((-, )}, 0), where

k
(1, 0, (Wi wi))) = D mi (v, wy)
i=1

({-, -) being the Euclidean inner product on R3). A rigid body is obtained by
connecting all particles by ideal massless rods, and corresponds to the holonomic
constraint

N:{(xl,...,xk)eR3k|||x,-—xj||=d,~jfor1§i<j§k}.

If at least three particles are not collinear, N is easily seen to be diffeomorphic
to R? x 0(3).

Keeping the particles on the holonomic constraint requires an additional external
force (provided by the rods or by the surface in the examples above).

Definition 2.3 A reaction force on a mechanical system with holonomic constraint
(M,{-,-),F,N)isamap R : TN — T*M satisfying R(T,N) C T;M for all
p € N such that, for each v € TN, there is a solution ¢ : I € R — N of the
generalized Newton equation

PO _ (ramy
M(E)_( +R)(C)

with initial condition ¢(0) = v.

For any holonomic constraint there exist in general infinite possible choices of
reaction forces. The following definition yields a particularly useful criterion for
selecting reaction forces.

Definition 2.4 A reaction force in a mechanical system with holonomic constraint
(M, {-,-), F, N) is said to be perfect, or to satisfy the d’Alembert principle, if

pHRW) € (TpN)*
forallv € T,N and p € N.

Remark 2.5 The variation of the kinetic energy of a solution of the generalized
Newton equation is
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dK D¢, o o o _ oy

— = <5, c> = FOE +REOE@ = FO© + (17 R@). ¢).
Therefore, a reaction force is perfect if and only if it neither creates nor dissipates
energy along any motion compatible with the constraint.

Example 2.6 Ineach of the examples above, requiring the reaction force to be perfect
amounts to the following assumptions.

(1) Simple pendulum : The force transmitted by the rod is purely radial (i.e. there
is no damping);

(2) Particle on a surface : The force exerted by the surface is orthogonal to it (i.e. the
surface is frictionless);

(3) Rigid body : The cohesive forces do not dissipate energy.

The next result establishes the existence and uniqueness of perfect reaction forces.

Theorem 2.7 Given any mechanical system with holonomic constraint
(M, (-, ), F, N), there exists a unique reaction force R : TN — T*M satisfying
the d’Alembert principle. The solutions of the generalized Newton equation

D4~ (Fm
M(E)_( +R)(C)

are exactly the motions of the mechanical system (N, ({-, -)), Fn), where ((-, -)) is
the metric induced on N by (-, -) and Fy is the restriction of F to N. In particular,
if F = —dU is conservative then Fny = —d (U|y).

Proof Recall from Sect.4.5 of Chap.4 that if V is the Levi-Civita connection of
(M, {-,-)) and V is the Levi—Civita connection of (N, ((-, -))) then

VxY = (Vg7)'

for all X,Y € X(N), where )?, Y are any extensions of X, Y to X(M) (as usual,
v = v' + vl designates the unique decomposition arising from the splitting
T,M = T,N & (T,N)* for each p € N). Moreover, the second fundamental
form of N,

B(X,Y) = VgV — VxY = (V5¥)",

is well defined, and B(X, Y), € (T,N ylisa symmetric bilinear function of X, ¥,
forall p € N.

Assume that a perfect reaction force R exists; then the solutions of the generalized
Newton equation satisfy

Vic=p Y (F@) + 1 (R©)).
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Since by hypothesis ~ 'R is orthogonal to N, the component of this equation tangent
to N yields

Veé = puy (Fn )

(where uy : TN — T*N is the mass operator on N) as for any v € TN one has

<<(M_l(f(é)))T , v>> = (7' F@.v) = FO = Fn@©) = ((ny Fv @), v)).
Hence c is a motion of (N, ((-, -)), Fn).

On the other hand, the component of the generalized Newton equation orthogonal
to N yields

L
BG.o) = (W' F@) +n RE.

Therefore, if R exists then it must satisfy

1 L
R(v) = w(B(, v)) - [(u— (F)) } (5:2)

for all v € T N. This proves uniqueness.

To prove existence, define R through (5.2), which certainly guarantees that
p H(R()) € (T,N)t forall v € T,N and p € N. Given v € TN, let
¢ : 1 C R — N be the motion of the mechanical system (N, ((-, -)), Fy) with
initial condition v. Then

Veé=Vec+ B d) =py! : N S P
ce= e €)= Ry (7’N(c))+(u (J-'(c))) + 1N R

. 1 0\ T -1 O\t 1 Ny —1 . 1 .
= (17" F@) + (0 F@) + T RE) = w7 F@) + i RE).
O

Example 2.8 To write the equation of motion of a simple pendulum with a per-
fect reaction force, we parameterize the holonomic constraint N using the map
¢ : (—m, ) — R? defined by

@) = (Isinf, —l cosh)

(so that 8 = 0 labels the stable equilibrium position, cf. Fig.5.1). We have

d dx 9 dyd el .0
—=——+4 ——=1[cosf— +1Isinf—,
do  dodx  do dy dx dy
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and hence the kinetic energy of the pendulum is

d 1 0 . d d . 0
K{lv—)=-m(vlicos@— +vlsinf—, vlcos0— + vlsin0 —
do 2 ox ay ox ay

1
= = 12 2.
2m v

On the other hand, the potential energy is given by
Ulx,y) =mgy,
and hence its restriction to N has the local expression
U(©) = —mgl cosH.

Consequently the equation of motion is

< (% (0 é)) -~ %(9 f) = 9

dr \ v a0~ 00
d (o .

& 7 (ml 9) = —mglsin 6

@é:—%sin@.

Notice that we did not have to compute the reaction force.

Exercise 2.9

(1) Use spherical coordinates to write the equations of motion for the spherical
pendulum of length [, i.e. a particle of mass m > 0 moving in R> subject to a
constant gravitational acceleration g and the holonomic constraint

N={ey.0eR 2+ =2}

Which parallels of N are possible trajectories of the particle?

(2) Write the equations of motion for a particle moving on a frictionless surface
of revolution with equation z = f(r) (where r = \/x2 + y2) under a constant
gravitational acceleration g.

(3) Write and solve the equations of motion for a free dumbbell, i.e. a system of two
particles of masses m| and m; connected by a massless rod of length /, moving

m:
() R%;
(b) R°.
(Hint: Use the coordinates of the center of mass, i.e. the point along the rod at a distance m|m+2m 3 [ from

ml).
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m2

Fig. 5.2 Double pendulum

(4) The double pendulum of lengths /1, /> is the mechanical system defined by
two particles of masses m1, m» moving in R? subject to a constant gravitational
acceleration g and the holonomic constraint

N = {1, x) e RY | llxill =1 and vy — 32l =

(diffeomorphic to the 2-torus T2).

(a) Write the equations of motion for the double pendulum using the
parameterization ¢ : (—m, w) X (—mw, ) — N given by

@0, 9) = (I1sin@, —I1 cos O, 11 sinO+I, sin ¢, —I1 cos —I, cos @)

(cf. Fig.5.2).

(b) Linearize the equations of motion around 6 = ¢ = 0. Look for solutions of
the linearized equations satisfying ¢ = k6, with k € R constant (normal
modes). What are the periods of the ensuing oscillations?

5.3 Rigid Body

Recall that a rigid body is a system of k particles of masses m1, ..., m; connected
by massless rods in such a way that their mutual distances remain constant. If in
addition we assume that a given particle is fixed (at the origin, say) then we obtain
the holonomic constraint
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N = {(xl,...,xk) e R¥* | x; =0and ||x; — x;|| =dj; for 1 <i < j §k}.

If at least three particles are not collinear, this manifold is diffeomorphic to O (3).
In fact, if we fix a point (&1, ..., &) in N then any other point in N is of the form
(S&1, ..., S&) for a unique S € O(3). A motion in N can therefore be specified
by acurve S : I C R — O(3). The trajectory in R? of the particle with mass m;
will be given by the curve S§ : I C R — R3, whose velocity is S'E,- (where we
use 0(3) C M3x3(R) = R to identify T5O(3) with an appropriate subspace of
M343(R)). Therefore the kinetic energy of the system along the motion will be

1< .
K= > mi($&, $&),
i=1

where (-, -) is the Euclidean inner product on R3.

Now O(3), and hence N, has two diffeomorphic connected components, corre-
sponding to matrices of positive or negative determinant. Since any motion neces-
sarily occurs in one connected component, we can take our configuration space to
be simply SO(3). To account for continuum rigid bodies, we make the following
generalization:

Definition 3.1 A rigid body with a fixed point is any mechanical system of the
form (SO(3), (-, -)), F), with

(V, W)) = /(vs, W) dm

R3

forall V, W € TsSO(3) and all § € SO(3), where (-, -) is the usual Euclidean inner
product on R3 and m (called the mass distribution of the reference configuration)
is a positive finite measure on R?, not supported on any straight line through the
origin, and satisfying fR3 E1I7Pdm < +o0.

Example 3.2

(1) The rigid body composed by k particles of masses m1, ..., mj corresponds to
the measure

k
m = Zmi(Sgi,
i=1

where 8, is the Dirac delta centered at the point & € R>.

(2) A continuum rigid body with (say) compactly supported integrable density func-
tion p : R3 — [0, +00) is described by the measure m defined on the Lebesgue
o -algebra by
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m(A) = / p(E)d%.

A

Remark 3.3 The rotational motion of a general rigid body can in many cases be
reduced to the motion of a rigid body with a fixed point [cf. Exercise 3.20(2)]. Unless
otherwise stated, from this point onwards we will take “rigid body” to mean “rigid
body with a fixed point”.

Proposition 3.4 The metric ((-,-)) defined on SOQ3) by a rigid body is
left-invariant, that is, any left translation is an isometry.

Proof Since left multiplication by a fixed matrix R € SO(3) is a linear map Lp, :
M3y3(R) — M3.3(R), we have (dLg)gV = RV € TrsSO3) for any V €
TsSO(3). Consequently,

(((dLr)s V. (@Lg)s W)) = ((RV,RW)) = /(RVE, RWE)dm
R3

=/<V§, WE) dm = (V, W)

R3
(as R € SO(3) preserves the Euclidean inner product). U

Therefore there exist at most as many rigid bodies as inner products on s0(3) = R3,
i.e. as real symmetric positive definite 3 x 3 matrices [cf. Exercise 1.10(4) in Chap. 3].
In fact, we shall see that any rigid body can be specified by 3 positive numbers.

Proposition 3.5 The metric ({-, -)) defined on SO(3) by a rigid body is given by
(V,w)) =t (VJIW'),
where
sy = [ €ieiam.
R3
Proof We just have to notice that
3

3 3
(v, W>>=/Z > vyEl (Zwiks") dm
5 =l k=1

Jj=1

R
3 ' 3
= > VijWik/Sjédet= > Vi Wik
ij.k=1 i,j.k=1 O

R3
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Proposition3.6 IfS : I € R — SOQ3) is a curve and V is the Levi-Civita
connection on (SO3), ({-, -))) then

(935 V)= [ (3. ve)am

R3
forany V e TsSO(3).

Proof We consider first the case in which the rigid body is non-planar, i.e. m is
not supported in any plane through the origin. In this case, the metric ((-, -)) can be
extended to a flat metric on M3,3(R) = R? by the same formula

(v, W) =/<V§, W) dm

R3

for all V, W € TsM343(R) and all S € Mj3.3(R). Indeed, this formula clearly
defines a symmetric 2-tensor on M343(R). To check positive definiteness, we notice
thatif V € TgM343(R) is nonzero then its kernel is contained on a plane through the
origin. Therefore, the continuous function (V&, V&) is positive on a set of positive
measure, and hence

(v, vi)) = /(VS, VE)dm > 0.
R3
This metric is easily seen to be flat, as the components of the metric on the natural
coordinates of M3,3(R) are the constant coefficients J;;. Therefore all Christoffel

symbols vanish on these coordinates, and the corresponding Levi-Civita connection
V is the trivial connection. If § : 7 C R — M343(R) is a curve then

VS =S.
Since ((-, -)) is the metric induced on SO (3) by (({-, -))), we see that for any curve
S:I CR— SO(3) one has

Vss = (633)1— = S'T,

and hence
(955 V) = ([T v)) = 3. VIl = [ (8. veham
forany V € TsSO(3).

For planar rigid bodies the formula can by obtained by a limiting procedure
[cf. Exercise 3.20(3)]. U
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We can use this result to determine the geodesics of (SO (3), ((-, -))). Aremarkable
shortcut (whose precise nature will be discussed in Sect.5.5) can be obtained by
introducing the following quantity.

Definition 3.7 The angular momentum of a rigid body whose motion is described

by S: I C R — SO(3) is the vector

p0)i= [ 1508 x (5¢)]dm
R3
(where x is the usual cross product on R3).

Theorem 3.8 IfS: 1 C R — SOQ3) is a geodesic of (SO(3), ({-, -))) then p(t) is
constant.

Proof We have
pz/[(s'g) x (S&) + (5&) x (Ss)]dmz/[(sg) x (S&)]dm.

Take any v € R, Then
(Sv, p) <Sv /[(Ss)x S5&)] > /Sv (S&) x (8&)) dm
R3

/(ss (Sv) x (58)) d =/(S$ S x £)) dm

R3 R3

where we have used the invariance of (-, - x -) = det(-, -, -) under even permutations
of its arguments and the fact that the cross product is equivariant under multiplication
by S € SO(3).

To complete the proof we will need the following lemma, whose proof is left as
an exercise.

Lemma 3.9 There exists a linear isomorphism Q : s0(3) — R3 such that
AE =Q(A) x &

for all € € R? and A € s0(3). Moreover, Q([A, B]) = Q(A) x Q(B) for
all A, B € s0(3) (that is, Q is a Lie algebra isomorphism between s0(3) and
(R3, x)). U

Returning to the proof, let V € s0(3) be such that Q(V) = v. Then SV €
TsSO(3) and
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(Sv, p) = /(S’s, SVE)dm = ([ViS, SV)) =0
R3

(asS: I CR— SO(3)isageodesic). Since v € RR3 is arbitrary, we see that p = 0
along the motion. (I

IfS: I CR— SO3)isacurvethen S = SA forsome A € so(3). Let us define
Q := Q(A). Then

p =/[(S§) x (SA§)]dm =/S[$ x (A§)]dm

R3 R3

:S/[S X (2 x &)]dm.
R3

This suggests the following definition.
Definition 3.10 The linear operator I : R? — R defined as

I(v) :=/[§ X (v x &)]dm
R3

is called the rigid body’s moment of inertia tensor.

Proposition 3.11 The moment of inertia tensor of any given rigid body is a sym-
metric positive definite linear operator, and the corresponding kinetic energy map
K :TSO@3) — Ris given by

1 1 1
KW)=Z{V.V)) = Z{(SA, SA)) = S{IQ2, Q),

forallV e TsSO3)and all S € SO(3), where V = SA and Q = Q(A).
Proof We start by checking that I is symmetric:

(Iv, w) :<R/[f;‘ x (v xE)]dm,w>:/(§ X (v x &), w) dm

3 R3

:/(vxé,wxé)dmz(v,lw).

RS

In particular we have

(m,m:/(szxg,gxg)dmz/(Ag,Ag)dm

R3 R3
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= /(SAE, SAEYdm = 2K (V).
R3
The positive definiteness of / is an immediate consequence of this formula. (]

Corollary 3.12 Given any rigid body there exist three positive numbers 11, I, I3
(principal moments of inertia) and an orthonormal basis of R3, {e1, e2, e3} (prin-
cipal axes), such that le; = lie; (i = 1,2,3). [l

The principal moments of inertia are the three positive numbers which completely
specify the rigid body (as they determine the inertia tensor, which in turn yields the
kinetic energy). To compute these numbers we must compute the eigenvalues of a
matrix representation of the inertia tensor.

Proposition 3.13 The matrix representation of the inertia tensor in the canonical
basis of R3 is

Jeps 02 +2Hdm  — [gaxydm  — [psxzdm
— fgsxydm  [ps (x> +25)dm  — [ps yzdm
~fpxzdm — fpyzdm [l 4y dm
Proof Let {uy, uy, uz} be the canonical basis of R3. Then

I :(Iu,-,uj) =/<§' X (uj X 5),u.,') dm.

R3

Using the vector identity
ux xw)=(u,wv—(u,vw

forall u, v, w € R3, we have

= [ 1gPu — s} am = [ (168 ~ ') am. O
R3 R3

We can now write the equations for the geodesics of (SO (3), ((-, -))), that s, the
equations of motion of arigid body in the absence of external forces. This mechanical
system is commonly known as the Euler top.

Proposition 3.14 The equations of motion of the Euler top are given by the Euler
equations

IQ=(UQ) x Q.
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Proof We just have to notice that
p=SIQ.
Therefore
0=p=8SIQ+SIQ=SAIQ+SIQ=5(Qx IQ)+IR). 4

Remark 3.15 Any point £ € R? in the rigid body traverses a curve x(f) = S(1)&
with velocity

% =S8 = SAE = S(Q x &) = (SQ) x (SE) = (SQ) x x.

Therefore w := SQ is the rigid body’s instantaneous angular velocity: at each
instant, the rigid body rotates about the axis determined by w with angular speed
lw]|. Consequently, €2 is the angular velocity as seen in the (accelerated) rigid body’s
rest frame (cf. Fig.5.3).

In the basis {e1, e2, e3} of the principal axes, the Euler equations are written

LQ = (L — )23
LQ? = (I3 — [)QLQ!
LY = — LH)QIQ?

Since [ is positive definite (hence invertible), we can change variablesto P := [ Q.

Notice that p = SP, i.e. P is the (constant) angular momentum vector as seen in
rigid body’s rest frame. In these new variables, the Euler equations are written

P=Px (I‘lP) .
In the basis {eq, e, e3} of the principal axes, these are

()

Fig. 5.3 Angular velocities



5.3 Rigid Body 187

L I
p3 o1 p'p?
L I

Proposition 3.16 If I1 > [, > I3, the stationary points of the Euler equations are
given by
P =)e; reR,i=123),

and are stable for i = 1,3 and unstable fori = 2.

Proof Since there are no external forces, the kinetic energy K, given by

(F' (P (P

2K = (IQ, Q) =<p, 1—1p>=
h 16} I

)

is conserved. This means that the flow defined by the Euler equations is along ellip-
soids with semiaxes of lengths /2K I} > /2K I > /2K I5. On the other hand,
since p is constant along the motion, we have a second conserved quantity,

€2

€1

€3

Fig. 5.4 Integral curves of the Euler equations
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112 =P = (P1) + (P?) 4 ()

Therefore the flow is along spheres. The integral curves on a particular sphere can
be found by intersecting it with the ellipsoids corresponding to different values of
K, as shown in Fig.5.4. U

Remark 3.17 Since Q = I~' P, Proposition3.16 is still true if we replace P with
Q. The equilibrium points represent rotations about the principal axes with constant
angular speed, as they satisfy 2 = I; P, and hence w = [; p is constant. If the rigid
body is placed in a rotation state close to a rotation about the axes ej or e3, P will
remain close to these axes, and hence Se; or Se3 will remain close to the fixed vector
p- On the other hand, if the rigid body is placed in a rotation state close to a rotation
about the axis e, then P will drift away from e, (approaching —e;, before returning
to e2), and hence Sep will drift away from the fixed vector p (approaching — p before
returning to p). This can be illustrated by throwing a rigid body (say a brick) in the
air, as its rotational motion about the center of mass is that of a rigid body with
a fixed point [cf. Exercise 3.20(2)]. When rotating about the smaller or the larger
axis [i.e. the principal axes corresponding to the larger or the smaller moments of
inertia—cf. Exercise 3.20(6)] it performs a stable rotation, but when rotating about
the middle axis it flips in midair.

€z

nodal line

horizontal plane

Fig. 5.5 Euler angles
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If the rigid body is not free, one must use parameterizations of SO (3).

Definition 3.18 The Euler angles correspond to the local coordinates (9, ¢, V) :
SO3) — (0,7) x (0,2m) x (0, 27) defined by

cosp —sing 0 1 0 0 cosy —sinyr 0
S@,p, ) =|sing cosgp O 0 cosf® —sin6 sinyy cosyr O
0 0 1 0 sin® cos6 0 0 1

The geometric interpretation of the Euler angles is sketched in Fig. 5.5: if the rota-
tion carries the canonical basis {ex, ey, ez} to a new orthonormal basis {eq, e>, e3},
then @ is the angle between e3 and e;, ¢ is the angle between the line of intersection
of the planes spanned by {e;, e»} and {ex, ey} (called the nodal line) and the x-axis,
and v is the angle between e and the nodal line.

The general expression of the kinetic energy in the local coordinates of 7SO (3)
associated to the Euler angles is quite complicated; here we present it only in the
simpler case I1 = I>.

Proposition 3.19 If Iy = I, then the kinetic energy of a rigid body in the local
coordinates (0, ¢, Y, 0, v?, v‘/’) of TSO3) is given by

K = % ((v9)2 + (vw)2 sin’ 0) + %3 (v"f +v¢ 0059)2.
Proof Exercise 3.20(13). O

A famous model which can be studied using this expression is the so-called
Lagrange top, corresponding to an axisymmetric rigid body in a constant gravity
field g. The potential energy for the corresponding mechanical system is

U= g/ (SE, ez) dm = MglSE. ;).
R3

where M = m(IR?) is the total mass and

g::%/édm
R3

is the position of the center of mass in the rigid body’s frame. By axisymmetry, the
center of mass satisfies £ = le3 for some [ € R, and so

U = Mglcos9.
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Exercise 3.20

(1) Show that the bilinear form ((-, -)) defined on SO (3) by a rigid body is indeed
a Riemannian metric.

(2) A general rigid body (i.e. with no fixed points) is any mechanical system of
the form (R x SO3), (((-,-))), F), with

((((, V), (w, W)))) := /(v + V& w+ Wé)dm

R3

for all (v, V), (w, W) € T 5R3 x SO(3) and (x, S) € R? x SO(3), where
(-,-) is the usual Euclidean inner product on R? and m is a positive finite
measure on R not supported on any straight line and satisfying ng I&112dm <
+o00.

(a) Show that one can always translate m in such a way that

/Edm:O

R3

(i.e. the center of mass of the reference configuration is placed at the origin).
(b) Show that for this choice the kinetic energy of the rigid body is

1 1
K@, V)= EM(U, v) + 5((V, V),

where M = m(R?3) is the total mass of the rigid body and ((-, -)) is the
metric for the rigid body (with a fixed point) determined by m.
(c) Assume that there exists a differentiable function F : R? — R3 such that

Fx, S, v, V)(w, W) = /(F(x + 88), w+ W&)dm.
R3

Show that, if
/(SE) X F(x+ 8§)dm =0
R?

forall (x, §) € R3 x SO(3), then the projection of any motion on SO (3) is
a geodesic of (SO(3), ({-,-))).

(d) Describe the motion of a rigid body falling in a constant gravitational field,
for which FF = —ge is constant.

(3) Prove Proposition 3.6 for a planar rigid body. (Hint: Include the planar rigid body in a smooth

one-parameter family of non-planar rigid bodies).
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(4) Prove Lemma3.9.

(5) Show that I1 < I + I3 (and cyclic permutations). When is I1 = I + I3?

(6) Determine the principal axes and the corresponding principal moments of iner-
tia of:

(a) ahomogeneous rectangular parallelepiped with mass M, sides 2a, 2b, 2¢ €
R* and centered at the origin;

(b) a homogeneous (solid) ellipsoid with mass M, semiaxes a, b, c € R™ and
centered at the origin. (Hint: Use the coordinate change (x, y, z) = (au, bv, cw)).

(7) A symmetry of a rigid body is an isometry S € O(3) which preserves the
mass distribution (i.e. m(SA) = m(A) for any measurable set A C R3). Show
that:

(a) SIS" =1, where I is the matrix representation of the inertia tensor;

(b) if S is areflection in a plane then there exists a principal axis orthogonal to
the reflection plane;

(c) if S is a nontrivial rotation about an axis then that axis is principal;

(d) if moreover the rotation is not by  then all axes orthogonal to the rotation
axis are principal.

(8) Consider arigid body satisfying /1 = I,. Use the Euler equations to show that:

(a) the angular velocity satisfies

) 1
= — X ’
w 7 P Xw
(b) if I} = I, = I3 then the rigid body rotates about a fixed axis with constant
angular speed (i.e.  is constant);
(c) if Iy = I, # I5 then w precesses (i.e. rotates) about p with angular velocity

Opr 1= —.
1
(9) Many asteroids have irregular shapes, and hence satisfy I1 < I < I3. To
a very good approximation, their rotational motion about the center of mass
is described by the Euler equations. Over very long periods of time, however,
their small interactions with the Sun and other planetary bodies tend to decrease
their kinetic energy while conserving their angular momentum. Which rotation
state do asteroids approach?
(10) Due to its rotation, the Earth is not a perfect sphere, but an oblate spheroid;
therefore its moments of inertia are not quite equal, satisfying approximately

I =1h # I5;
I3 —1; - 1
A T 306
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The Earth’s rotation axis is very close to e3, but precesses around it (Chandler
precession). Find the period of this precession (in the Earth’s frame).

(11) Consider arigid body whose motion is described by the curve § : R — SO(3),
and let Q2 be the corresponding angular velocity. Consider a particle with mass
m whose motion in the rigid body’s frame is given by the curve £ : R — R3.
Let f be the external force on the particle, so that its equation of motion is

dZ
mﬁ(Sf) = f.

(a) Show that the equation of motion can be written as
mE=F—mQx (QLxE) —2mQLx & —mQ x &

where f = SF. (The terms following F' are the so-called inertial forces,
and are known, respectively, as the centrifugal force, the Coriolis force and
the Euler force).

(b) Show that if the rigid body is a homogeneous sphere rotating freely (like the
Earth, for instance) then the Euler force vanishes. Why must a long range
gun in the Northern hemisphere be aimed at the left of the target?

(12) (Poinsot theorem) The inertia ellipsoid of a rigid body with moment of inertia
tensor / is the set

E=lge® s e =1}

Show that the inertia ellipsoid of a freely moving rigid body rolls without
slipping on a fixed plane orthogonal to p (that is, the contact point has zero
VClOCity at each instant). (Hint: Show that any point S(¢)£(r) where the ellipsoid is tangent to a plane
orthogonal to p satisfies S(1)&(1) = iﬁw(r)).

(13) Prove Proposition 3.19. (Hint: Notice that symmetry demands that the expression for K must not

depend neither on ¢ nor on 1/1).

(14) Consider the Lagrange top.

(a) Write the equations of motion and determine the equilibrium points.
(b) Show that there e?(ist solutions such that 6, ¢ and ¥ are constant, which in
the limit |¢| < || (fast top) satisfy

X Mgl
Q= —.
Ly
(15) (Precession of the equinoxes) Due to its rotation, the Earth is not a perfect

sphere, but an oblate ellipsoid; therefore its moments of inertia are not quite
equal, satisfying approximately
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I =1h # I5;
Iz —1; N 1
I 306

[cf. Exercise 3.20(10)]. As a consequence, the combined gravitational attraction
of the Moon and the Sun disturbs the Earth’s rotation motion. This perturbation
can be approximately modeled by the potential energy U : SO (3) — R given
in the Euler angles (0, ¢, ¥) by

Q? )
U= —7(13 — I1)cos“ 0,

2
where ) ~ 168 days.

(a) Write the equations of motion and determine the equilibrium points.
(b) Show that there e.xist solutions such that 6, ¢ and  are constant, which in
the limit |¢| < || (as is the case with the Earth) satisfy

Q23— I1)cosb
~ I )

Given that for the Earth § ~ 23°, determine the approximate value of the
period of ¢(¢).

(16) (Pseudo-rigid body) Recall that the (non planar) rigid body metric is the restric-
tion to SO (3) of the flat metric on G L(3) given by

(V. W)y =t (VIW'),

where
sy = [ €l am.
R3

(a) What are the geodesics of the Levi—Civita connection for this metric? Is
(GL(3), ({-, -))) geodesically complete?

(b) The Euler equation and the continuity equation for an incompressible
fluid with velocity field u : R x R? — R3 and pressure p : R x R?> — R
are

ou
ot
V-u=0,

+ - -V)u=-Vp,
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(©)

(d)

(e)
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where
v— 0 0 0
T\ ax! 9x2 9x3

is the usual operator of vector calculus.

Given a geodesic S : R — GL(3), we define

x(t,8) = S@)&,
u(t,x) = S = S@) S~ 1t)x.

Show that the velocity field u satisfies the Euler equation (with p = 0), but
not the continuity equation.
Let f : GL(3) — R be given by f(S) = det S. Show that

of
K = COf(S)ij

tj

(where cof (S) is the matrix of the cofactors of ), and consequently

‘;—J; — (det ) tr (S's—l) .

So the continuity equation is satisfied if we impose the constraint det S(¢) =
1.

Show that the holonomic constraint SL(3) C G L(3) satisfies the d’ Alembert
principle if and only if

1 (8) = r@)df
detS = 1.

Assuming that J is invertible, show that the equation of motion can be
rewritten as

§=1 (S_l)t J

Show that the geodesics of (SL(3), ((:, -))) yield solutions of the Euler
equation with

A 1
p= —Ex’ (S_l) J7ls

which also satisfy the continuity equation.
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(Remark: More generally, it is possible to interpret the Euler equation on an open set U C R”" as a
mechanical system on the group of diffeomorphisms of U (which is an infinite-dimensional Lie group); the
continuity equation imposes the holonomic constraint corresponding to the subgroup of volume-preserving

diffeomorphisms, and the pressure is the perfect reaction force associated to this constraint).

5.4 Non-holonomic Constraints

Some mechanical systems are subject to constraints which force the motions to
proceed in certain admissible directions. To handle such constraints we must first
introduce the corresponding geometric concept.

Definition 4.1 A distribution X of dimension m on a differentiable manifold M is
achoice of an m-dimensional subspace X, C T, M foreach p € M. The distribution
is said to be differentiable if for all p € M there exists a neighborhood U > p and
vector fields X1, ..., X,;, € X(U) such that

Ty =span {(X1), ..., Xm)y}

forallg € U.

Equivalently, X is differentiable if for all p € M there exists a neighborhood
U 5 pand I-forms o', ..., 0" € Q' (U) such that

1 —
X, = ker (a) )q N---Nker (a)" m)q
for all p € U [cf. Exercise4.15(1)]. We will assume from this point on that all
distributions are differentiable.

Definition 4.2 A non-holonomic constraint on a mechanical system (M, (-, -), F)
is a distribution ¥ on M. A curve ¢ : I C R — M is said to be compatible with X
if ¢(t) € Ze) forallt e 1.

Example 4.3

(1) (Wheel rolling without slipping) Consider a vertical wheel of radius R rolling
without slipping on a plane. Assuming that the motion takes place along a straight
line, we can parameterize any position of the wheel by the position x of the
contact point and the angle 6 between a fixed radius of the wheel and the radius
containing the contact point (cf. Fig. 5.6); hence the configuration space is R x S

If the wheel is to rotate without slipping, we must require that ¥ = R6 along
any motion; this is equivalent to requiring that the motion be compatible with
the distribution defined on R x S! by the vector field
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X

Fig. 5.6 Wheel rolling without slipping

X=R 0 + 0
, o 9x o 00°
or, equivalently, by the kernel of the 1-form

w=dx — Rdf.

(2) (Ice skate) A simple model for an ice skate is provided by a line segment which
can either move along itself or rotate about its middle point. The position of the
skate can be specified by the Cartesian coordinates (x, y) of the middle point
and the angle 6 between the skate and the x-axis (cf. Fig.5.7); hence the config-
uration space is R? x S'.

If the skate can only move along itself, we must require that (X, y) be proportional
to (cos @, sin 0); this is equivalent to requiring that the motion be compatible with
the distribution defined on R? x S! by the vector fields

0 0
X =cosf— +sinf—, Y=—,
ax dy a0

Fig. 5.7 Ice skate
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or, equivalently, by the kernel of the 1-form
w = —sinfdx + cos 6dy.

One may wonder whether there exists any connection between holonomic and
non-holonomic constraints. To answer this question, we must make a small digres-
sion.

Definition 4.4 A foliation of dimension m on an n-dimensional differentiable man-
ifold M is a family F = {Ly}yca of subsets of M (called leaves) satisfying:

(1) M =Uyealy;

(2) LonNLg =@ ifa # B;

(3) each leaf L, is pathwise connected, that is, if p, g € L, then there exists a
continuous curve ¢ : [0, 1] — L such that ¢(0) = p and ¢(1) = g;

(4) for each point p € M there exists an open set U > p and local coordinates
(xl, ..., x") 1 U — R" such that the connected components of the intersec-
tions of the leaves with U are the level sets of (x"t1, ... x"): U — R*™™.

Remark 4.5 The coordinates (xl, ..., x™) provide local coordinates on the leaves,
which are therefore images of injective immersions. In particular, the leaves have
well-defined m-dimensional tangent spaces at each point, and consequently any foli-
ation of dimension m defines an m-dimensional distribution. Notice, however, that
in general the leaves are not (embedded) submanifolds of M [cf. Exercise4.15(2)].

Definition 4.6 An m-dimensional distribution ¥ on a differential manifold M is
said to be integrable if there exists an m-dimensional foliation F = {Ly}yeca on M
such that

s, =T,L,

for all p € M, where L is the leaf containing p. The leaves of JF are called the
integral submanifolds of the distribution.

Integrable distributions are particularly simple. For instance, the set of points
q € M which are accessible from a given point p € M by a curve compatible
with the distribution is simply the leaf L, through p. If the leaves are embedded
submanifolds, then an integrable non-holonomic restriction reduces to a family of
holonomic restrictions. For this reason, an integrable distribution is sometimes called
a semi-holonomic constraint, whereas a non-integrable distribution is called a true
non-holonomic constraint.

It is therefore important to have a criterion for identifying integrable distributions.

Definition 4.7 Let X be a distribution on a differentiable manifold M. A vector field
X € X(M) is said to be compatible with X if X, € X, forall p € M. We denote by
X(X) the linear subspace of X (M) formed by all vector fields which are compatible
with 2.
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Theorem 4.8 (Frobenius) A distribution X is integrable if and only if X,Y €
X(X)=[X,Y] € X(2).

Proof The proof of this theorem can be found in [War83] [see Exercise4.15(3) for
the “only if” part]. |

If ¥ is locally given by m vector fields X1, ..., X,,, then to check integrability it
suffices to check whether [X;, X ;] = Zle C 1k] Xy for locally defined functions C 1k]
[cf. Exercise4.15(4)]. The next proposition provides an alternative criterion.

Proposition 4.9 An m-dimensional distribution ¥ on an n-manifold M is integrable
if and only if

do' Ao' A A" =0 i=1,....n—m)
for all locally defined sets of differential forms {a)l, ceey a)"_m} whose kernels deter-
mine X.
Proof Exercise4.15(5). O

Since the condition of the Frobenius theorem is local, this condition needs to be
checked only for sets of differential forms whose domains form an open cover of M.

Example 4.10

(1) (Wheel rolling without slipping) Recall that in this case the constraint is given
by the kernel of the 1-form
w =dx — Rd0.

Since dw = 0, we see that this is a semi-holonomic constraint, corresponding
to an integrable distribution. The leaves of the distribution are the submanifolds
with equation x = xo + R6.
(2) (Ice skate) Recall that in this case the constraint is given by the kernel of the
1-form
w = —sinfdx + cos 6dy.

Since

do ANw = (—cos8dd ANdx —sin0dd A dy) A (—sinOdx + cosOdy)
=—dO ANdx ANdy #0,

we see that this is a true non-holonomic constraint.

In a Riemannian manifold (M, (-, -)), any distribution X determines an orthogo-
nal distribution 1, given by

si=(g,) cTMm.
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Hence we have two orthogonal projections | : TM — S and* : TM — 1. The
set of all external forces F : TM — T*M satisfying

F)=F (UT)

forall v € T M is denoted by Fyx.

Definition 4.11 A reaction force on a mechanical system with non-holonomic con-
straints (M, (-, -), F, £)isaforce R € Fy such that the solutions of the generalized
Newton equation

PN = Ry
M(E)_( +R)(C)

with initial condition in X are compatible with . The reaction force is said to be
perfect, or to satisfy the d’Alembert principle, if

pHRW) € By

forallve T,M,p € M.

Just like in the holonomic case, a reaction force is perfect if and only if it neither
creates nor dissipates energy along any motion compatible with the constraint.

Theorem 4.12 Given a mechanical system with non-holonomic constraints
M, (-,-), F, X), there exists a unique reaction force R € Fy satisfying the
d’Alembert principle.

Proof We define the second fundamental form of the distribution ¥ at a point
p €M asthemap B : TyM x £, — Ef; given by

B(v,w) = (Vx¥)*,
where X € X(M) and ¥ € X(X) satisfy X, = v and Y, = w. To check that B is

well defined, let {Z1, ..., Z,} be a local orthonormal frame such that {Z1, ..., Z,,}
is a basis for ¥ and {Z,,11, ..., Z,} is a basis for >L. Then

m m n
VyY = Vy (Z YiZ,-) => |x-vHzi+ > rhxiviz

i=1 i=1 jk=1

where the functions Ffj are defined by

n
k
V2 Z; :Zrijzk.
k=1
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Consequently,

n m n
B.w)=(Vx't=>> > rix'viz

i=1 j=1k=m+1

depends only on v = X, and w = Y, and is a bilinear map. Incidentally, the
restriction of B to ¥, x X, is symmetric for all p € M if and only if

Tf =T% & (V2 Z. ) = (V2,2 Z) < ([2i. 2] Zt) = 0

foralli,j=1,...,mandallk =m+1,...,n,ie. if and only if X is integrable.
In this case, B is, of course, the second fundamental form of the leaves.

Let us assume that R exists. Then any motion ¢ : [ C R — M with initial
condition on ¥ is compatible with ¥ and satisfies

D¢ . R
o= H (F(©) + u~ (R()).

The projection of this equation on = yields
.. —1 . L —1 .
B@.&) = (n'F@n) +u R
(recall that Z—f = V:¢). Therefore, if R exists then it must be given by

1 €L
R(v) = u (B(v,v)) = ((u— (Fw)) )

forany v € ¥,and by R(v) = R (UT) forany v € TM (as R € Fyx). This proves
the uniqueness of k.

To prove existence, we just have to show that for this choice of R the solutions
of the generalized Newton equation with initial condition on X are compatible with
3. Consider the system

¢ = Z;nzl v Z; 53
D — )T F@) — (T F @)+ B -

When written in local coordinates, this is a system of first-order ODEs with n + m
unknowns x'(7), ..., x" (), v\ (?), ..., v"™(¢). Since the second equation is just

2 (wE@) (f;—f)l s (%)T = (' Fen)
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we see that this equation has only m nonvanishing components in the local frame
{Z1, ..., Z,}. Therefore, (5.3) is a system of (n 4+ m) first-order ODEs on n + m
unknowns, and has a unique local solution for any initial condition. If ¢(0) € X (o),
we can always choose v1(0), ..., v™(0) such that

&0) = D v'(0) (Z)eq) -

i=1

The solution of (5.3) with initial condition (x'(0), ..., x"(0), v'(0), ..., v™(0))
must then, by uniqueness, be the solution of

DC —1 . —1 .

o =M (F©) +n " (R(©)
with initial condition ¢(0). On the other hand, it is, by construction, compatible
with 2. O

Example 4.13 (Wheel rolling without slipping) Recall that in this case the constraint
is given by the kernel of the 1-form

w=dx — Rdf.

Since 1+~ 'R is orthogonal to the constraint for a perfect reaction force R, the con-
straint must be in the kernel of R, and hence R = Aw for some smooth function
A:TM — R.

If the kinetic energy of the wheel is

then

D¢ . ..
" (E) = MXxdx 4 16d6.

Just to make things more interesting, consider a constant gravitational acceleration
g and suppose that the plane on which the wheel rolls makes an angle o with respect
to the horizontal (Fig.5.8), so that there exists a conservative force with potential
energy
U = Mgxsina.

The equation of motion is therefore

Dé .
i (d—f) — —dU +R(&) < Midx + 10d6 = —Mgsina dx + rdx — ARd6.
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\Oé

Fig. 5.8 Wheel rolling without slipping on an inclined plane

The motion of the wheel will be given by a solution of this equation which also
satisfies the constraint equation, i.e. a solution of the system of ODEs

(M3 = —Mgsina + A
16 = —RA
x=R6

This system is easily solved to yield

x(t):xo—i—vot—%
— Y (2
0(t) =60 + Ft — 35t

1
A= 5
where .
gsina
V=——"7"
1+ MRZ2

and xg, vg, fp are integration constants.

Physically, the reaction force can be interpreted as a friction force exerted by the
plane on the wheel. This force opposes the translational motion of the wheel but
accelerates its spinning motion. Therefore, contrary to intuition, there is no dissipa-
tion of energy: all the translational kinetic energy lost by the wheel is restored as
rotational kinetic energy.

A perfect reaction force guarantees, as one would expect, conservation of energy.

Theorem 4.14 Let (M, (-, ), —dU, X) be a conservative mechanical system with
non-holonomic constraints. If the reaction force R satisfies the d’Alembert principle
then the mechanical energy E := K + U is constant along any motion with initial
condition in X.
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Proof Exercise4.15(7). U
Exercise 4.15

(1) Show that an m-dimensional distribution ¥ on an n-manifold M is differen-

tiable if and only if for all p € M there exists a neighborhood U > p and
l-forms o', ..., 0" € Q1(U) such that

¥, = ker (a)l)q N---Nker (w”_’")q

forallg € U.

(2) Show that the foliation

f={(x,y)e]R2|y=«/§x+a}

aeR

of R? induces a foliation F’ on T2 = R?/Z? whose leaves are not (embedded)
submanifolds.

(3) Let X be an integrable distribution. Show that X,Y € X(X) = [X,Y] €

“

&)
(6)

(N
®)

X(X).
Using the Frobenius theorem show that an m-dimensional distribution X is
integrable if and only if each local basis of vector fields { X1, ..., X,,} satisfies

[Xi, X;] = kazl Cl{‘j Xy for locally defined functions Clkj (Remark: Since the
condition of the Frobenius theorem is local, this condition needs to be checked only for local bases whose
domains form an open cover of M).

Prove Proposition4.9. (Hint: Recall from Exercise 3.8(2) in Chap.2 that do (X, Y) = X - (Y) — Y -
(X) —w([X, Y]) forany w € Q' (M) and X, ¥ € X(M)).

Let M be an n-dimensional differentiable manifold with an affine connection
V. Show that the parallel transport of vectors is determined by a distribution
% on T M, which is integrable if and only if the curvature of V vanishes.
Prove Theorem4.14.

(Ice skate) Recall that our model for an ice skate is given by the non-holonomic
constraint ¥ defined on R? x S by the kernel of the 1-form w = — sin fdx +
cosfdy.

(a) Show that the ice skate can access all points in the configuration space:
given two points p,q € R? x S! there exists a piecewise smooth curve
c:[0,1] > R? x §! compatible with X such that ¢(0) = p and ¢(1) = q.
Why does this show that ¥ is non-integrable?

(b) Assuming that the kinetic energy of the skate is

K=3 (097 + (@)*) + ()’

and that the reaction force is perfect, show that the skate moves with constant
speed along straight lines or circles. What is the physical interpretation of
the reaction force?
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(c) Determine the motion of the skate moving on an inclined plane, i.e. subject
to a potential energy U = Mgsino x.

(9) Consider a vertical wheel of radius R moving on a plane.

(a) Show that the non-holonomic constraint corresponding to the condition of
rolling without slipping or sliding is the distribution determined on the con-
figuration space R? x S! x §! by the 1-forms

o' =dx — Rcosgdy, wzzdy—Rsimpdlp,

where (x, y, ¥, @) are the local coordinates indicated in Fig.5.9.
(b) Assuming that the kinetic energy of the wheel is

K= (0 + ) + 5 09+ 5 0

and that the reaction force is perfect, show that the wheel moves with constant
speed along straight lines or circles. What is the physical interpretation of
the reaction force?

(c) Determine the motion of the vertical wheel moving on an inclined plane,
i.e. subject to a potential energy U = Mgsin« x.

(10) Consider a sphere of radius R and mass M rolling without slipping on a plane.

(a) Show that the condition of rolling without slipping is

X = Rao’, y = —Rw",

where (x, y) are the Cartesian coordinates of the contact point on the plane
and o is the angular velocity of the sphere.

(b) Show that if the sphere’s mass is symmetrically distributed then its kinetic
energy is

(w, w),

M 1
K= (F+57)+3

2
where [ is the sphere’s moment of inertia and (-, -) is the Euclidean inner
product.

(c) Using w as coordinates on the fibers of 75O (3), show that

Dec o0 .0 .
di  ox +y8y to
(Hint: Recall from Exercise4.8(3) in Chap. 3 that the integral curves of left-invariant vector fields on a Lie
group with a bi-invariant metric are geodesics).
(d) Since we are identifying the fibers of 7SO (3) with R3, we can use the
Euclidean inner product to also identify the fibers of 7*SO(3) with R>.
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Fig. 5.9 Vertical wheel on a plane

(e)
(9]

Show that under this identification the non-holonomic constraint yielding
the condition of rolling without slipping is the distribution determined by
the kernels of the 1-forms

0% :=dx — Re,, 07 :=dy+ Rey

(where {ex, ey, ez} is the canonical basis of R3). Is this distribution inte-
grable? (Hint: Show that any two points of R2 x SO(3) can be connected by a piecewise smooth curve
compatible with the distribution).

Show that the sphere moves along straight lines with constant speed and
constant angular velocity orthogonal to its motion.

Determine the motion of the sphere moving on an inclined plane, i.e. subject
to a potential energy U = Mgsino x.

(11) (The golfer dilemma) Show that the center of a symmetric sphere of radius
R, mass M and moment of inertia / rolling without slipping inside a vertical
cylinder of radius R 4 a moves with constant angular velocity with respect
to the axis of the cylinder while oscillating up and down with a frequency

I . .
| 7wz times the frequency of the angular motion.
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5.5 Lagrangian Mechanics

Let M be a differentiable manifold, p,q € M and a, b € R such thata < b. Let us
denote by C the set of differentiable curves ¢ : [a, b] — M such that c(a) = p and

cb) =q.

Definition 5.1 A Lagrangian function on M is a differentiablemap L : TM — R.
The action determined by L on C is the map S : C — R given by

b

S(c) :=/L(c'(t)) dt.

a

We can look for the global minima (or maxima) of the action by considering
curves on C.

Definition 5.2 A variationofc € Cisamapy : (—e¢, ¢) — C (forsome e > 0) such
that y(0) = ¢ and the map y : (—e¢, €) X [a, b] — M givenby y (s, t) := y(s)(¢) is
differentiable. The curve c is said to be a critical point of the action if

d
alxzoS(V(S)) =0

for any variation y of c.

Notice that the global minima (or maxima) of § must certainly be attained at
critical points. However, a critical point is not necessarily a point of minimum (or
maximum). It turns out that the critical points of the action are solutions of second-
order ODEs.

Theorem 5.3 The curve ¢ € C is a critical point of the action determined by the
Lagrangian L : T M — R if and only if it satisfies the Euler-Lagrange equations

d (0L . aL . .
7 W(x(t),x(t)) —W(x(t),x(t))zO i=1,...,n)
for any local chart (xl, ..., x")yon M, where (xl, xm ol V") is the corre-

sponding local chart induced on T M.

Proof Assume first that the image of c¢ is contained on the domain of a local chart
(x!, ...,x").Lety : (—e&, &) — Cbeavariation of c. Setting x (s, 1) := (xo¥)(s, 1),

we have i
dax
S(V(s))Z/L(x(SJ), E(svt))dtv

a
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and hence

s=|

d
il S(y(s) = /Za l (x(O 1), (o t)) (0 1) dt
/za , (x(O 1), (0 t)) —(0 1) dt.

a =1

Differentiating the relations x (s, a) = x(p), x(s, b) = x(q) with respect to s one
obtains

0x ax
—(0,a) = —(0,b) =0.
aS( a) aS( )

Consequently, the second integral above can be integrated by parts to yield

ax!
/Zd; ( ( o, z) (0 z))) g(o, 1) dt,

and hence

d oL . ,.
. S = / Z (— (x(0), £(0) — 2 (3—U (x(r>,x<r)>)) Wiy dr,

5=l

where we have set x(¢) := (x o ¢)(¢) and w(t) := g—’s‘(O, t). This shows that if ¢
satisfies the Euler—Lagrange equations then c is a critical point of the action.

To show the converse, we notice that any smooth function w : [a,b] — R”
satisfying w(a) = w(b) = 0 determines a variation y : (—¢, &) — C given in local
coordinates by x(s, ) = x(t) + sw(t), satisfying ax (0, t) = w(t). In particular, if
p : la, b] — R is a smooth positive function with p(a) = p(b) = 0, we can take

d (0L .
w' (1) = p(1) (— (x(1), X(1)) — o (W (X(t),X(t)))) :

Therefore if ¢ is a critical point of the action we must have

aL ) 2
/z (— (x(t), x(t)) — — (W (x(1), x(t)))) pt)dt =0,

and hence ¢ must satisfy the Euler—Lagrange equations.
The general case (in which the image of ¢ is not contained in the domain of the
local chart) is left as an exercise. O
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Corollary 5.4 The motions of any conservative mechanical — system
(M, (-, -), —dU) are the critical points of the action determined by the Lagrangian
L:=K-U. ]

Therefore we can find motions of conservative systems by looking for minima,
say, of the action. This variational approach is often very useful.

The energy conservation in a conservative system is, in fact, a particular case of
a more general conservation law, which holds for any Lagrangian. Before we state
it we need the following definitions.

Definition 5.5 The fiber derivative of a Lagrangian function L : TM — R at
v € TpyM is the linear map (FL), : T,M — R given by

d
FL)y(w) := EIz:oL(U + tw)

forallw € T, M.
Definition 5.6 If L : TM — RisaLagrangian function then its associated Hamil-
tonian function H : TM — R is defined as

H(v) := (FL),(v) — L(v).
Theorem 5.7 The Hamiltonian function is constant along the solutions of the Euler—
Lagrange equations.

Proof In local coordinates we have
H(x,v) = Zv —(x v) — L(x, v).

Consequently, if c : I C R — M is a solution of the Euler—Lagrange equations,
given in local coordinates by x = x(¢), then

d e =2 (S e 2L : . :
T HEW) = | 2 05— (0, (1)) = Lx(0), £(0)

i=1

oL
Z i (r)—(x(r) (1) + Zx (- (er), fc(t)))

l]l

- Zx (r)—(x(r) (1) — Zx (r)—(x(r) £(1) = 0.
([l

Example 5.8 If (M, (-,-), —dU) is a conservative mechanical system then its
motions are the solutions of the Euler—Lagrange equations for the Lagrangian
L :TM — R given by
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1
L(v) = 5<v, v) = U (v)
(where w : TM — M is the canonical projection). Clearly,

1d
FL =—— =
(FL)y(w) 2dtl,:o(ertw,ertw> (v, w),

and hence
1 1
H@W) = (v,v) — §<v, v) + U@ ) = §<v, v) + U (v))

is the mechanical energy.

The Lagrangian formulation is particularly useful for exploring the relation
between symmetry and conservation laws.

Definition 5.9 Let G be a Lie group acting on a manifold M. The Lagrangian L :
TM — Ris said to be G-invariant if

L ((dg)pv) = L(v)
forallve T,M, p € M and g € G (where g : M — M is the map p — g - p).

We will now show that if a Lagrangian is G-invariant then to each element V € g
there corresponds a conserved quantity. To do so, we need the following definitions.

Definition 5.10 Let G be a Lie group acting on a manifold M. The infinitesimal
action of V € g on M is the vector field XV € X(M) defined as

xV .= d 1% = (dA,) V
p = g, @0 )-p) = (dA,), V.

where A, : G — M isthemap A,(g) =g - p.

Theorem 5.11 (Noether) Let G be a Lie group acting on a manifold M. If L :
TM — R is G-invariant then JV : TM — R defined as J" (v) := (FL), (X") is
constant along the solutions of the Euler—Lagrange equations for all V € g.

Proof Choose local coordinates (x!, ..., x") on M and let (y!, ..., y") be local
coordinates centered at ¢ € G.Let A : G x M — M be the action of G on M,
written in these local coordinates as

(Al (xl,...,x”,yl,...,ym),...,A"(xl,...,x",yl,...,ym)).

Then the infinitesimal action of V = > " V¢ % has components
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m i

X =35

a=1

Since L is G-invariant, we have

" 9Al 1 9A"
1 n i i
L(A (X, )5 s AMx, y), -21 o T VIV El ol (x,y)v)
1= 1=
=L(xl,...,x”,v1,...,v”).

Setting y = y(¢) in the above identity, where (yl(t), R (t)) is the expression of
the curve exp(tV') in local coordinates, and differentiating with respectto t at ¢ = 0,
we obtain

n - m 92 A

ZZ (x v) (x OVt D Z T ](x 0/ Ve =0

i=1a=1 i,j=1a=1

& Z (x V)X (x) + Z (x v)—(x)v’ =0.
i,j= 1

In these coordinates,
n

JV(x,v) = Z %(x V)X (x).

Therefore, if c : I C R — M is a solution of the Euler—Lagrange equations, given
in local coordinates by x = x(¢), we have

d V. _ d - oL . i
= (1 ewn) =4 (; S, £ )X <x<r>))

= ii (%(X(t) i(’)))X (x(®) + Z *(X(f) X(T))f(x(t))xj(l)
~ dt vl ’

ljl
d ; 2 9L
Zd—( )X(x(r))—zax,

= i=1

Remark 5.12 Notice that the map g > V — X" € ¥(M) is linear. Since (FL), is
also linear, we can see J " asalinearmap g 3 V > JV € C(T M). Therefore the
Noether theorem yields m = dim g independent conserved quantities.

Example 5.13 Consider a conservative mechanical system consisting of k particles
with masses my, ..., m; moving in R under a potential energy U : R* — R
which depends only on the distances between them. The motions of the system
are the solutions of the Euler-Lagrange equations obtained from the Lagrangian
L : TR¥* — R given by
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1 k
L(x1, .oy Xk, U1y een, V) = Ez;mi(vi,vi) —Uxy, -0 Xp)-
1=

This Lagrangian is clearly SO (3)-invariant, where the action of SO (3) on R3* is
defined through
Se(xr, .., x1) = (Sxq, ..., Sxp).

The infinitesimal action of V € s0(3) is the vector field
=Vxt,...,Vxp) = (Q(V) x x1,...,2(V) x x1),

where © : 50(3) — R3 is the isomorphism in Lemma3.9. On the other hand,

k
FL) oy W1 wi) = D my{v, wi).
i=1

Therefore, the Noether theorem guarantees that the quantity

k k k
TV =" milk V) x xi) = D mi(Q(V), x; x &) = <Q(V),Zmix,- x x>

i=1 i=1 i=1

is conserved along the motion of the system for any V € s0(3). In other words, the
system’s total angular momentum

k
0= Zmixi X Xi
i=l1

is conserved.

Exercise 5.14

(1) Complete the proof of Theorem5.3.

(2) Let (M, (-, -)) be a Riemannian manifold. Show that the critical points of the
arclength, i.e. of the action determined by the Lagrangian L : TM — R given
by

1

L) = (v,v)2

(where we must restrict the action to curves with nonvanishing velocity) are
reparameterized geodesics.

(3) (Brachistochrone curve) A particle with mass m moves on a curve y = y(x)
under the action of a constant gravitational field, corresponding to the potential
energy U = mgy. The curve satisfies y(0) = y(d) = 0 and y(x) < O for
0<x<d.
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(a) Assuming that the particle is set free at the origin with zero velocity, show
that its speed at each point is

v=+/=29y,

and that therefore the travel time between the origin and point (d, 0) is

d
1 1
S =92 / (142) =»7Hax,

0

where y' = %.

(b) Show that the curve y = y(x) which corresponds to the minimum travel
time satisfies the differential equation

100

(c) Check that the solution of this equation satisfying y(0) = y(d) = 0is given
parametrically by

x = RO — Rsinf
y=—R+ Rcos6

where d = 2 R. (Remark: This curve is called a cycloid, because it is the curved traced out by a

point on a circle which rolls without slipping on the xx—axis).

(Charged particle in a stationary electromagnetic field) The motion of a particle
with mass m > 0 and charge ¢ € R in a stationary electromagnetic field is
determined by the Lagrangian L : TR?> — R given by

1
L= Em(v, v)+e(A,v) —ed,

where (-, -) is the Euclidean inner product, ® € C°°(R?) is the electric potential
and A € X(R?) is the magnetic vector potential.

(a) Show that the equations of motion are
mxX =eE +ex x B,

where E = — grad & is the electric field and B = curl A is the magnetic
field.

(b) Write an expression for the Hamiltonian function and use the equations of
motion to check that it is constant along any motion.
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(5) (Restricted 3-body problem) Consider two gravitating particles moving in
circular orbit around their common center of mass. We choose our units so
that the masses of the particles are 0 < u < 1 and 1 — p, the distance between
them is 1 and the orbital angular velocity is also 1. Identifying the plane of the
orbit with R2, with the center of mass at the origin, we can choose fixed positions
p1 = (1 —u,0)and pr = (—u, 0) for the particles in the rotating frame where
they are at rest.

(a)

(b)

(©)

(d)

(e)

Use Exercise 3.20(11) to show that in this frame the equations of motion of
a third particle with negligible mass m moving in the plane of the orbit are

F .
X=—4+x+2y
m

. Fy .
y=—+y—2x
m

where (F v F y) is the force on m as measured in the rotating frame.
Assume that the only forces on m are the gravitational forces produced by
wand 1 — u, so that

F 1z — 1
S-Sl -S5O+
m ri- rp

F, nw 1—u

> = — 3V —5y=0

m ri- rp-

where r1, r» : R2 — R are the Euclidean distances to P1, p2- Show that the
equations of motion are the Euler-Lagrange equations for the Lagrangian
L:T (R*\ {p1, p2}) — R given by

L(x,y, v ) = % ((v”)2 + (vy)z) + xv¥ — yv*
1 1—-

+2 () + 5+ —E
2 1 r

Find the Hamiltonian function. (Remark: The fact that this function remains constant gives
the so-called Tisserand criterion for identifying the same comet before and after a close encounter with
Jupiter).

Compute the equilibrium points (i.e. the points corresponding to stationary
solutions) which are not on the x-axis. How many equilibrium points are
there in the x-axis?

Show that the linearization of the system around the equilibrium points not
in the x-axis is
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343
f(l —2u)n

. 3
=g+ =
§—12n 45 1

33

. 3 9
P26 =4+"""(1-2 Z
i+ 2& 4( M)é+4n

and show that these equilibrium points are unstable for

1 ! /69 1 - /69
Nl —-— ) <pu<-= — ).
2 9 H=3 9

(6) Consider the mechanical system in Example 5.13.

(a) Use the Noether theorem to prove that the total linear momentum

k
P = Z m;Xx;
i=1

is conserved along the motion.
(b) Show that the system’s center of mass, defined as the point

> mixi

k b
Doy Mmi

X =

moves with constant velocity.

(7) Generalize Example 5.13 to the case in which the particles move in an arbitrary
Riemannian manifold (M, (-, -)), by showing that given any Killing vector field
X € X(M) [cf. Exercise 3.3(8) in Chap. 3] the quantity

is conserved, where ¢; : I C R — M is the motion of the particle with mass
m;.
(8) Consider the action of SO (3) on itself by left multiplication.

(a) Show that the infinitesimal action of B € s0(3) is the right-invariant vector
field determined by B.

(b) Use the Noether theorem to show that the angular momentum of the free
rigid body is constant.

(9) Consider a satellite equipped with a small rotor, i.e. a cylinder which can spin
freely about its axis. When the rotor is locked the satellite can be modeled by a
free rigid body with inertia tensor /. The rotor’s axis passes through the satellite’s
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center of mass, and its direction is given by the unit vector e. The rotor’s mass
is symmetrically distributed around the axis, producing a moment of inertia J.

(a) Show that the configuration space for the satellite with unlocked rotor is the
Lie group SO(3) x S', and that its motion is a geodesic of the left-invariant
metric corresponding to the kinetic energy

1
K=-(IQ,Q) + Esz +Jw (R, e),

| =

where the Q € R? is the satellite’s angular velocity as seen on the satellite’s
frame and @ € R is the rotor’s angular speed around its axis.

(b) Use the Noether theorem to show that ] = J(w + (2,¢)) € Rand p =
S(IQ + Jwe) € R3 are conserved along the motion of the satellite with
unlocked rotor, where S : R — SO(3) describes the satellite’s orientation.

5.6 Hamiltonian Mechanics

We will now see that under certain conditions it is possible to study the Euler—
Lagrange equations as a flow on the cotangent bundle with special geometric prop-
erties.

Let M be an n-dimensional manifold. The set

TM®T*M := | T,M x T;M
qeM

has an obvious differentiable structure: if (xl, ..., x™) are local coordinates on M
then (xl, xm ol o, D1, ..., pn) are the local coordinates on TM & T*M
which label the pair (v, w) € TyM x Tq*M, where

n a n
_ i 9 _ E
v—- v8xi’ a)—Zp,dx,
i=1 i=1
and g € M is the point with coordinates (xl, ..., x™). For this differentiable struc-

ture, the maps 7y : TM @ T*M — TM andmr : TM & T*M — T*M given by
71 (v, ) = v and (v, w) = w are submersions.

Definition 6.1 The extended Hamiltonian function corresponding to a Lagrangian
L:TM — Risthemap H : TM & T*M — R given by

H®, ) = w®) — L{).
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In local coordinates, we have
n
(.1 1 i 1 1
H(x oo xh ,...,v",pl,...,pn) =Zp,-v’—L(x oo xh ,...,v”),
i=1

and hence

n

~ oL L "L .
dH = Z(pl — W) dv' +Zvldp,- —Zﬁdx’.

i=1 i=1 i=1

Thus any critical point of any restriction of H to a submanifold of the form Ty M x {w}
(for fixedq € M and w € Tq*M ) must satisfy

oL
pi=F(xl,...,x”,vl,...,v") i=1,...,n).
v

It follows that the set of all such critical points is naturally a 2rn-dimensional sub-
manifold S € TM & T*M such that 7y : § — TM is a diffeomorphism. If
myg @ S — T*M is also a diffeomorphism then the Lagrangian is said to be
hyper-regular. In this case, mp|; o 7y S_l : TM — T*M is a fiber-preserving
diffeomorphism, called the Legendre transformation.

Given a hyper-regular Lagrangian, we can use the maps 71|, and 73| to make the
identifications TM = S = T*M. Since the Hamiltonian function H : TM — R is
clearly related to the extended Hamiltonian function through H = Hom | S_l, we
can under these identifications simply write H = H|s. Therefore

no n 9L )
dH = Zv’dpi — Z del
i=1

nopl o, Dls .-y pn) as local functions on

(here we must think of (xl, X
S such that both (x!,...,x" v!, ..., v") and (x!,...,x", pi...., p,) are local
coordinates). On the other hand, thinking of H as a function on the cotangent bundle,

we obtain

Therefore we must have

oH _ oL
axi  oxi

(l = 19 . 1”)7
o _

api
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where the partial derivatives of the Hamiltonian must be computed with respect
to the local coordinates (xl, e Xt pr, e, p,,) and the partial derivatives of the
Lagrangian must be computed with respect to the local coordinates

(xl,...,x”,vl,...,v”).

Proposition 6.2 The Euler—Lagrange equations for a hyper-regular Lagrangian L :
TM — R define a flow on T M. This flow is carried by the Legendre transformation
to the flow defined on T*M by the Hamilton equations

L 0H
api
i=1,....n)
. oH
P

Proof The Euler-Lagrange equations can be cast as a system of first-order ordinary
differential equations on 7'M as follows.

i=1,...,n
d (0L oL ( )
dr \ovi ) ~ oxi
Since on S one has
oL ;  O0H oL oH
pl = _" v - _’ - = __.7
av’ ap; ax! dx!
we see that this system reduces to the Hamilton equations in the local coordinates
(xl, e X pr, e, p,,). Since the Hamilton equations clearly define a flow on
T*M, the Euler-Lagrange equations must define a flow on T M. O

Example 6.3 The Lagrangian for a conservative mechanical system (M, (-, -),
—dU) is written in local coordinates as

1 <& o
L(x],...,xn,vl,...,v”)=§ > g (xl,...,x")v’vf—U(xl,...,x”).

i,j=1

The Legendre transformation is given in these coordinates by

pi = avl—Zg,]vJ (i=1,...,n),

and is indeed a fiber-preserving diffeomorphism, whose inverse is given by
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n
v'=>"gp; (i=1....n).
j=1
As a function on the tangent bundle, the Hamiltonian is (cf. Example 5.8)
1 <& o
H = 5 Z g,-jv’vf +U.

i,j=1

Using the Legendre transformation, we can see the Hamiltonian as the following
function on the cotangent bundle.

1 n ik ) 1 n
- _ . Jjl - kl
H—zmkEZ 191/9 Pkg pz+U—2k§l lg pipt + U.
i1,],k,l= A=

Therefore the Hamilton equations for a conservative mechanical system are
n
i ij
i = Zg 'pj
Jj=1

. 1 < gk U
Pi = _Ekgl kapl - W

The flow defined by the Hamilton equations has remarkable geometric properties,
which are better understood by introducing the following definition.

Definition 6.4 The canonical symplectic potential (or Liouville form) is the 1-
form 6 € Q' (T*M) given by

0o (v) 1= o ((d7)e (V)

forall v € T,(T*M) and all « € T*M, where & : T*M — M is the natural
projection. The canonical symplectic form on 7* M is the 2-form w € Q2(T*M)
given by w = df.

In local coordinates, we have

n(xl,...,x”,pl,...,pn)z(xl,...,x")
and

n n
; a )
= dx' (v)— dpi(v)—.
v le x ()= +§ P
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Consequently,
n ) 9
(dm)a(v) = ledx' OFw?
1=

and hence

i=1

n ) n ) a n )
— — Axt J ) = Axt
0 (V) = @ ((d)a(v)) = D pidx ;dx W5 | = gjpldx ).

We conclude that

n
0 = Zpidxi,
i=1

and consequently

n
w:de,-/\dxi.

i=1

Proposition 6.5 The canonical symplectic form w is closed (dw = 0) and nonde-
generate. Moreover, " = w A - - - Aw is a volume form (in particular T* M is always
orientable, even if M itself is not).

Proof Exercise6.15(1). O

Recall from Exercise 1.15(8) in Chap. 2 that if v € T, M then ((v)w € T;,“M is
the covector given by

(o) (w) = o (v, w)

for all w € T, M. Therefore the first statement in Proposition 6.5 is equivalent to
saying that the map 7, M > v — «(v)w € T;M is a linear isomorphism for all
peM.

The key to the geometric meaning of the Hamilton equations is contained in the
following result.

Proposition 6.6 The Hamilton equations are the equations for the flow of the vector
field X i satisfying

(X p)w = —dH.

Proof The Hamilton equations yield the flow of the vector field

n

Xao 3 (22 3 @
H_,i op; dxi 3xi ap; )’
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Therefore

n
(KXo =1Xm) > (dp,- Qdx' —dx' ® dpi)

i=1

O

Remark 6.7 Notice that H completely determines Xy, as w is nondegenerate. By
analogy with the Riemannian case, —X g is sometimes called the symplectic gra-
dient of H. The vector field X g is usually referred to as the Hamiltonian vector
field determined by H.

Definition 6.8 The Hamiltonian flow generated by F' € C>°(T*M) is the flow of
the unique vector field Xz € X(T*M) such that

1(XFp)w = —dF.

The flow determined on 7* M by a hyper-regular Lagrangian is therefore a partic-
ular case of a Hamiltonian flow (in which the generating function is the Hamiltonian
function). We will now discuss the geometric properties of general Hamiltonian
flows, starting with the Hamiltonian version of energy conservation.

Proposition 6.9 Hamiltonian flows preserve their generating functions.

Proof We have
Xp-F=dF(Xfp) = (—t(Xp)w) (XF) = —o(XF, XF) =0,

as w is alternating. (]

Proposition 6.10 Hamiltonian flows preserve the canonical symplectic form: if V¥, :
T*M — T*M is a Hamiltonian flow then ¥;*w = w.

Proof Let F € C*(T*M) be the function whose Hamiltonian flow is ;. Recall
from Exercise 3.8(7) in Chap. 2 that the Lie derivative of w along X € X(T*M),

Lx,0o=— Y o,
dt‘t:()

can be computed by the Cartan formula:

Lx,w=1(Xp)do+du(Xr)w) =d(—dF) =0.
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Therefore
d * d *x d * d * *
o Y w = o5 ls:o(l/fm) ® = \s:o(% oY) w= o5 Is:OI/,t (V5" )
d
- wr*g‘szows*w - wt*LXFa) = 0'
We conclude that
Vo = (Yo) o = w. 0O

Theorem 6.11 (Liouville) Hamiltonian flows preserve the integral with respect to
the symplectic volume form: if ¥, : T*M — T*M is a Hamiltonian flow and
F € C®(T*M) is a compactly supported function then

/Fo¢t= / F.
T*M T*M

Proof This is a simple consequence of the fact that ¥, preserves the symplectic
volume form, since

V(0" = (Y w)" = o

Therefore
/Fowt= /(Fox/ft>w"= /(Fowm/ft*(w")
T*M T*M T*M
= / Y (Fo™) = / Fo" = / F
T*M T*M T*M
[cf. Exercise4.2(4) in Chap. 2]. O

Theorem 6.12 (Poincaré recurrence) Let ¥, : T*M — T*M be a Hamiltonian flow
and K C T*M a compact set invariant under ;. Then for each open set U C K
and each T > 0 there exist o € U and t > T such that Y, (o) € U.

Proof Let F € C°°(T*M) be acompactly supported smooth function with values in
[0, 1] such that F(«) = 1 forall@ € K (this is easily constructed using, for instance,
a partition of unity). Let G € C°°(T*M) be a smooth function with values in [0, 1]
and compact support contained in U such that

G > 0.

T*M
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Consider the open sets Uy := Yo7 (U). If these sets were all disjoint then one could
define functions Gy € C*°(M) for each N € N as

(GovY_yr)()ifa e Uyandn < N
0 otherwise

Gy(a) = [

These functions would have compact support contained in K (K is invariant under
;) and values in [0, 1], and hence would satisfy Gy < F. Therefore we would have

/F2/6N=Z/Gol/f—nT=N/G

T*M T*M n=lripy T*M

for all N € N, which is absurd. We conclude that there must exist m, n € N (with,
say, n > m) such that

Um N Un 7’5 I < meT(U) ml”nT(U) 7’5 g U mw(n—m)T(U) 75 g.

Choosing t = (n —m)T and ¢ € Yy_, (U Ny (U)) = ¥v_;(U) N U yields the result.
(I

We can use the symplectic structure of the cotangent bundle to define a new binary
operation on the set of differentiable functions on 7*M.

Definition 6.13 The Poisson bracket of two differentiable functions F, G €
C®(T*M)is {F,G} = Xr-G.

Proposition 6.14 (C°°(T*M), {-, -}) is a Lie algebra, and the map that associates
to a function F € C*®(T*M) its Hamiltonian vector field X € X(T*M) is a Lie
algebra homomorphism, i.e.

(i) {F,G}=—(G, F};

(ii) {«F + BG, H} =a{F, H} + B{G, H};

(iii) {F,{G, H}} +{G,{H, F}} +{H,{F,G}} =0;
(v) X(r,cy =[Xr, Xc]

forany F,G, H € C*°(T*M) and any a, € R.

Proof We have

{(F,G}=Xr-G=dG(XF) = (—1(Xg)w)(XF)
=-w(Xg, XF) =w(XF, Xg),

which proves the anti-symmetry and bilinearity of the Poisson bracket. On the other
hand,
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U X(r,cp)o =—d{F,G} = —-d(Xr-G) = -d(dG(XF)) = —d((XF)dG)
=—Lx,dG = Lx,(1(Xg)w) =1(Lx, Xg)o+ 1(Xc)Lx,®
= 1([XF, XgDo

[cf. Exercise 3.8(7) in Chap. 2]. Since w is nondegenerate, we have

X(r,cy = [XF, XG].

Finally,
{(F.{G,H}}+{G,{H, F}}+{H,{F, G}}
={F,X¢-H}—{G,Xr-H}—X(rc,-H
=Xr-X¢g-H)—X¢-(Xp-H)—[Xp,Xg]-H=0. O
Exercise 6.15

(1) Prove Proposition6.5.
(2) Let(M, (-, -)) be aRiemannian manifold, @ € QY(M)al-formandU € C®(M)
a differentiable function.

(a) Show that the Euler—Lagrange equations for the Lagrangian L : TM — R
given by

1
L(v) = E(v, v) + (), —U(p)

for v € T, M yield the motions of the mechanical system (M, (-, -), F),
where
F) =—dU)p —t(v)(da),

forv e Tp,M.

(b) Show that the mechanical energy E = K + U is conserved along the motions
of (M, (-, -), F) (which is therefore called a conservative mechanical sys-
tem with magnetic term).

(c) Show that L is hyper-regular and compute the Legendre transformation.

(d) Find the Hamiltonian H : T*M — R and write the Hamilton equations.

(3) Let ¢ > 0 be a positive number, representing the speed of light, and consider
the open set U := {v € TR" | ||v|| < ¢}, where || - || is the Euclidean norm.
The motion of a free relativistic particle of mass m > 0 is determined by the
Lagrangian L : U — R given by

wl?

2

L(v) := —mc?|1
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(a) Show that L is hyper-regular and compute the Legendre transformation.
(b) Find the Hamiltonian H : T*R" — R and write the Hamilton equations.

(4) Show that in the Poincaré recurrence theorem the set of points « € U such that
Y(a) € U for some ¢t > T is dense in U. (Remark: It can be shown that this set has full
measure).

(5) Let (M, (-, -)) be a compact Riemannian manifold. Show that for each normal
ball B C M and each T > 0 there exist geodesics ¢ : R — M with ||¢(¢)]| = 1
such that ¢(0) € B and ¢(t) € B forsomet > T.

(6) Let (xl, ..., x", p1,..., py) be the usual local coordinates on 7*M. Compute
Xy Xp;s {xi,xj}, {pi, pj} and {p,-,xj}.

(7) Show that the Poisson bracket satisfies the Leibniz rule

{F,GH}={F,G}H 4+ {F,H}G

forall F, G, H € C°(T*M).

5.7 Completely Integrable Systems

We now concentrate on studying the Hamiltonian flow of a Hamiltonian function
H € C°°(T*M). We already know that H is constant along its Hamiltonian flow,
so that it suffices to study this flow along the level sets of H. This can be further
simplified if there exist additional nontrivial functions F € C°(T*M) such that

Xy-F=0<% {H F}=0.

Definition 7.1 A function F € C*®°(T*M) is said to be a first integral of H if
{H,F}=0.

In general, there is no reason to expect that there should exist nontrivial first
integrals other than H itself. In the special cases when these exist, they often satisfy
additional conditions.

Definition 7.2 The functions Fi, ..., F,, € C>®(T*M) are said to be

(i) ininvolutionif {F;, F;} =0 (G, j=1,...,m);
(ii) independent at « € T*M if (dFi),,...,(dFn), € T;(T*M) are linearly
independent covectors.

Proposition 7.3 If Fy, ..., F,, € C°°(T*M) are in involution and are independent
at some point @ € T*M thenm < n.

Proof Exercise7.17(2). (I

The maximal case m = n is especially interesting.
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Definition 7.4 The Hamiltonian H is said to be completely integrable if there exist

n first integrals F1, ..., Fy in involution which are independent on a dense open set
UCT*M.

Example 7.5

(1) If M is 1-dimensional and dH # 0 on a dense open set of 7*M then H is

@)

completely integrable.
(Particle in a central field) Recall Example 1.15 where a particle of mass m > 0
moves in a central field. The corresponding Lagrangian function is

L(r,0,v", vg) = %m [(vr)2 + rz(ve)Z] —u(r),

and so the Legendre transformation is given by

oL P oL 2 0
= o0 =mv" and przmzmr v,

Pr

The Hamiltonian function is then

2 2
Pr Po
H(r,0, pr, =— .
(r,0, pr. po) o T 22 +u(r)
By the Hamilton equations,
oH
)y = ——— = ()’
po 39

and hence pyg is a first integral. Since

2
dH = (__p93 + u’(r)) dr + &dpr + —pezdpa,
mr m mr

we see that d H and dpy are independent on the dense open set of T*R? formed
by the points whose polar coordinates (r, 6, p,, pg) are well defined and do not
satisfy
2
(-2 = p =0
mr

(i.e. are not on a circular orbit — cf. Exercise 7.17(4). Therefore this Hamiltonian
is completely integrable.

Proposition 7.6 Let H be a completely integrable Hamiltonian with first integrals

Fr, ..

., Fy, in involution, independent in the dense open set U C T*M, and such

that Xy, ..., Xf, are complete on U. Then each nonempty level set

Lf ={aeU]| Fi(x)= fi,..., Fp(@) = fu}
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is a submanifold of dimension n, invariant for the Hamiltonian flow of H, admitting
a locally free action of R"™ which is transitive on each connected component.

Proof All points in U are regular points of the map F : U — R" given by
F(a) = (Fi(a),..., Fy(a)); therefore all nonempty level sets Ly := F_l(f)
are submanifolds of dimension 7.

Since Xp - F; =0fori =1,...,n, the level sets L  are invariant for the flow
of Xy. In addition, we have Xr. - F; = {F;, F;} = 0, and hence these level sets
are invariant for the flow of X r,. Moreover, these flows commute, as [Xf,, X E,»] =
X(F;,F;; = 0 (cf. Theorem6.10 in Chap. 1).

Consider the map A : R" x Ly — L given by

A(tla ceesIn, a) = (wl,tl ©0--+0 wn,z,,)(a)9

where v;; : Ly — Ly is the flow of XF,. Since these flows commute, this map
defines an action of R"” on L f- On the other hand, for each « € Ly, the map
Ag : R" — Lygivenby Ay(ty, ..., 1) = A(t1, ..., ty, a)isalocal diffeomorphism
at the origin, as

d
dAn)g (ei) = —  Yii(@) = (XF),
=0

dr),

and the vector fields X, are linearly independent. Therefore the action is locally
free (that is, for each point o € L s there exists an open neighborhood U C R" of
0 such that A(¢, ) # « forall ¢+ € U \ {0}), meaning that the isotropy groups are
discrete. Also, the action is locally transitive (i.e. each point & € L y admits an open
neighborhood V' C L ¢ such that every 8 € V is of the form 8 = A(¢, «) for some
t € R"), and hence transitive on each connected component (for given o € L  both
the set of points 8 € L y which are of the form 8 = A(¢, @) for some ¢ € R" and the
set of points which are not are open). (]

The isotropy subgroups of the action above are discrete subgroups of R”. We next
describe the structure of such subgroups.

Proposition 7.7 Let T' be a discrete subgroup of R". Then there exist k €
{0,1,...,n} linearly independent vectors ey,...,ex such that I'=spany

ler, ..., e}

Proof If ' = {0} then we are done. If not, let e € T"\ {0}. Since I' is discrete, the set
FN{xe|0<x <1}
is finite (and nonempty). Let e be the element in this set which is closest to 0. Then
I' N spang{e} = spany{e1}

(for otherwise e; would not be the element in this set closest to 0). If I' = spany {e}
then we are done. If not, let e € I' \ spany{e;}. Then the set
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€2

€1

Fig. 5.10 Proof of Proposition7.7

FNi{ie+Xrie |0 <A, A1 <1}

is finite (and nonempty). Let e, be the element in this set which is closest to
spang{e} (Fig.5.10). Then

I N spang{e, e1} = spany{ey, e2}.

Iterating this procedure yields the result. O

Proposition 7.8 Let L‘;‘c be the connected component of o € L y. Then L‘;‘c is diffeo-

morphic to T* x R where k is the number of generators of the isotropy subgroup
Iy. In particular, if L‘;‘c is compact then it is diffeomorphic to the n-dimensional torus
T".

Proof Since the action A : R" x L% — L% is transitive, the local diffeomorphism
Ay R" — L% is surjective. On the other hand, because I'y, is discrete, the action
of ', on R” by translation is free and proper, and we can form the quotient R" /T,
which is clearly diffeomorphic to T x R"~* Finally, it is easily seen that A, induces

a diffeomorphism R" /Ty, = L‘;‘p. ]

We are now in position to understand the Hamiltonian flow on a completely
integrable system. For that we need the following definition (cf. Fig.5.11).

Definition 7.9 A linear flow on the torus 7" = R" /Z" is the projection of the flow
Yy : R" — R” given by

Y (x) = x + vt.

The frequencies of the linear flow are the components vl v of v,
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Yi()

Fig. 5.11 Linear flow on the 2-torus

Theorem 7.10 (Arnold-Liouville) Let H be a completely integrable Hamiltonian
with n first integrals Fy, ..., F, € C®(T*M) in involution, independent on the
dense open set U C T*M. If the connected components of the level sets of the map
(Fi,..., Fy) : U — R" are compact then they are n-dimensional tori, invariant for
the flow of Xpy. The flow of X on these tori is a linear flow (for an appropriate
choice of coordinates).

Proof Since the connected components of the level sets of (F1, ..., F},) are compact,
the vector fields X r; are complete. All that remains to be seen is that the flow of X 5
on the invariant tori is a linear flow. It is clear that the flow of each X, is linear in
the coordinates given by Proposition7.8. Since X g is tangent to the invariant tori,
we have Xy = > ", f! X, for certain functions f!. Now

n
0= X(p.m =Xp. Xul=D (X, - )X,
j=1

and hence each function f? is constant on the invariant torus. We conclude that the
flow of X is linear. O

We next explore in detail the properties of linear flows on the torus.

Definition 7.11 Let v, : T" — T”" be a linear flow. The time average of a function
f € C°(T") along V¥, is the map

T

— 1

fx) = TEI-If—lOO 7/1‘(%()6))6#
0

(defined on the set of points x € T" where the limit exists).



5.7 Completely Integrable Systems 229

Definition 7.12 The frequencies v € R”" of a linear flow ¢, : T" — T are said
to be independent if they are linearly independent over Q, i.e. if (k, v) # O for all
k € 7"\ {0}.

Theorem 7.13 (Birkhoff ergodicity) If the frequencies v € R" of a linear flow
Yy 2 T" — T" are independent then the time average of any function f € C°(T"™)

exists for all x € T" and
fl) = / I

n

Proof Since T" = R"/7Z", the differentiable functions on the torus arise from
periodic differentiable functions on R”, which can be expanded as uniformly con-
vergent Fourier series. Therefore it suffices to show that the theorem holds for
f(x) = 2T kX) with k € 7.

If £ = 0 then both sides of the equality are 1, and the theorem holds.

If k # O that the right-hand side of the equality is zero, whereas the left-hand side
is

T
f) = _lim % / Pt gy
0

T—+o00
i (k
= lim 162711'(16,)6% =0
T—+oo T 2milk, v)
(where we used the fact that (k, v) # 0). ([l

Corollary 7.14 If the frequencies of a linear flow ¥, : T" — T" are independent
then {yr;(x) | t > 0} is dense on the torus for all x € T".

Proof 1If {yr;(x) | t > 0} were not dense then it would not intersect an open set
U C T". Therefore any nonnegative function f € C°(7T") with nonempty support
contained in U would satisfy ?(x) = 0 and an f > 0, contradicting the Birkhoff
ergodicity theorem. (]

Corollary 7.15 [f the frequencies of a linear flow v, : T" — T" are independent
and n > 2 then vy (x) is not periodic. (I

Remark 7.16 The qualitative behavior of the Hamiltonian flow generated by com-
pletely integrable Hamiltonians is completely understood. Complete integrability
is however a very strong condition, not satisfied by generic Hamiltonians. The
Kolmogorov—Arnold-Moser (KAM) theorem guarantees a small measure of
genericity by establishing that a large fraction of the invariant tori of a completely
integrable Hamiltonians survives under small perturbations of the Hamiltonian, the
flow on these tori remaining linear with the same frequencies. On the other hand,
many invariant tori, including those whose frequencies are not independent (reso-
nant tori), are typically destroyed.
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Exercise 7.17

(1) Show that if F, G € C°°(T*M) are first integrals, then {F, G} is also a first
integral.
(2) Prove Proposition7.3.
(3) Consider a surface of revolution M C R3 given in cylindrical coordinates
(r,0,2) by
r=f@,

where f : (a, b) — (0, +00) is differentiable.

(a) Show that the geodesics of M are the critical points of the action determined
by the Lagrangian L : TM — R given in local coordinates by

1
L(6,z,0%,v%) = 3 ((f(z))z(vg)2 + ((f’(z))2 + l) (vz)z) .

(b) Show that the curves given in local coordinates by & = constantor f/(z) =0
are images of geodesics.

(c) Compute the Legendre transformation, show that L is hyper-regular and
write an expression in local coordinates for the Hamiltonian H : T*M — R.

(d) Show that H is completely integrable.

(e) Show that the projection on M of the invariant set

Ly :=H "(E)npe™' (D)

(E,l > 0) is given in local coordinates by

[
f@) =z —=.
~2E
Use this fact to conclude that if f has a strict local maximum at z = zg
then the geodesic whose image is z = zg is stable, i.e. geodesics with initial
condition close to the point in 7 M with coordinates (6, zo, 1, 0) stay close
to the curve z = zp.

(4) Recall from Example 7.5 that a particle of mass m > 0 moving in a central field
is described by the completely integrable Hamiltonian function
2

2
p Po
H(r,@, pr‘a p@): 2r 27’]’”"2

+ u(r).

(a) Show that there exist circular orbits of radius ro whenever u’(rg) > 0.

(b) Verify that the set of points where d H and dpy are not independent is the
union of these circular orbits.

(c) Show that the projection of the invariant set
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Ly :=H ' (E)YNps~' ()

on R? is given in local coordinates by

2
2mr?

u(r) + <E.

(d) Conclude that if u’(rg) > 0 and

3u’ (ro)
ro

u” (ro) + >0

then the circular orbit of radius rq is stable.

(5) In general relativity, the motion of a particle in the gravitational field of a point
mass M > 0 is given by the Lagrangian L : TU — R written in cylindrical
coordinates (u, r, 0) as

r

where U C R? is the open set given by » > 2M (the coordinate u is called the
time coordinate, and in general is different from the proper time of the particle,
i.e. the parameter ¢ of the curve).

(a) Show that L is hyper-regular and compute the corresponding Hamiltonian
H:T*U - R.

(b) Show that H is completely integrable.

(c) Show that there exist circular orbits of any radius ro > 2M, with H < 0 for
ro > 3M, H =0 forryg =3M and H > 0 for rp < 3M. (Remark: The orbits
with H > 0 are not physical, since they correspond to speeds greater than the speed of light; the orbits with
H = 0 can only be achieved by massless particles, which move at the speed of light).

(d) Show that the set of points where d H, dp,, and dpy are not independent
(and p, # 0) is the union of these circular orbits.

(e) Show that the projection of the invariant cylinder

Lxn =H YE)Np, k)N pe L)

on U is given in local coordinates by

12 oM\,
——(1-=) K <2E

r

(f) Conclude that if ro > 6M then the circular orbit of radius r( is stable.
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Recall that the Lagrange top is the mechanical system determined by the
Lagrangian L : TSO(3) — R given in local coordinates by

I
2

I
L = ((v9)2 + (v“’)2 sin? 9) + 33 (v‘l’ +v? 0050)2 — Mgl cos@,
where (0, ¢, ¥) are the Euler angles, M is the top’s mass and [ is the distance
from the fixed point to the center of mass.

(a) Compute the Legendre transformation, show that L is hyper-regular and
write an expression in local coordinates for the Hamiltonian H : T*SO(3)
— R.

(b) Prove that H is completely integrable.

(c) Show that the solutions found in Exercise 3.20(14) are stable for |¢| < |¢|
if |4/ is large enough.

Show that the the Euler top with I1 < I, < I3 defines a completely integrable
Hamiltonian on T*S O (3).

Consider the sequence formed by the first digit of the decimal expansion of each
of the integers 2" for n € Np:

1,2,4,8,1,3,6,1,2,5,1,2,4,8,1,3,6,1,2,5, ...

The purpose of this exercise is to answer the following question: is there a 7 in
this sequence?

(a) Show thatif v € R\ Q then

. 1 $ 2mwivk
nl}r—ir-loo n+1 ];e =0.

(b) Prove the following discrete version of the Birkhoff ergodicity theorem: if a
differentiable function f : R — R is periodic with period 1 and v € R\ Q
then for all x e R

n 1

D k) = / f)dx.

k=0 0

lim
n—+oon + 1

(c) Show that log 2 is an irrational multiple of log 10.
(d) Is there a 7 in the sequence above?
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5.8 Symmetry and Reduction

The symplectic structure on the cotangent bundle can be generalized to arbitrary
manifolds.

Definition 8.1 A symplectic manifold is a pair (M, w), where M is a differentiable
manifold and w € Q2(M) is nondegenerate and closed.

Example 8.2 If M is an orientable surface and w € Q*(M) is a volume form on
M then (M, w) is a symplectic manifold. In fact, w is necessarily nondegenerate (if
t(v)w = 0 for some nonvanishing v € T, M then w, = 0), and dw = O trivially.

All definitions and results of Sects. 5.6 and 5.7 (Hamiltonian flow and its proper-
ties, Liouville and Poincaré recurrence theorems, Poisson bracket, completely inte-
grable systems and the Arnold—Liouville theorem) are readily extended to arbitrary
symplectic manifolds. In fact, all symplectic manifolds are locally the same (i.e. there
is no symplectic analogue of the curvature), as we now show.

Theorem 8.3 (Darboux) Let (M, w) be a symplectic manifold and p € M. Then
there exist local coordinates (xl, ..., X", p1, ..., pp) around p such that

n
W= dei A dx!

i=1
(in particular the dimension of M is necessarily even).

Proof We begin by observing that w is of the form above if and only if {x/, x/} =
{pi, pj} =0and {pi,xj} =g;jfori, j =1,...,n [cf Exercise 8.23(2)].

Clearly we must have m := dim M > 2 (otherwise @ = 0 would be degen-
erate). Let P € C°(M) be a function with (dP), # 0, let Xp be the corre-
sponding Hamiltonian vector field and let 7 C M be a hypersurface not tangent
to (Xp)p (cf. Fig.5.12). Then X p is not tangent to 7 on some neighborhood V' of
p. Possibly reducing V, we can define a smooth function Q on V by the condi-
tion that ¥ p(4)(g) € T for each g € V, where v, is the flow of X p. Notice that
TNV =0 Y0, implying that X ¢ is tangent to T, and so {(Xp),, (Xp)p}isa
linearly independent set. This means that {(d P),, (dQ)p} is linearly independent,
and so, reducing V if necessary, (P, Q) can be extended to a system of local coor-
dinates around p. If m = 2 then we are done, because (Q, P) are local coordinates
and {P,Q}=Xp-0 = 1.

If m > 2 then, since X p is not tangent to T, the level set P ~1(P(p)) intersects
T on a (m — 2)-dimensional manifold S C T'. Since {P, Q} = 1, wehave Xp - P =
{Q, P} =—1,and so X isnot tangent to S. If ¢ € S and {vy, ..., v,—2} is a basis
for Ty S then {(X p)g, (X@)g, V1, ..., Um—2} is a basis for T, M. Moreover, we have
w(Xp,v;) = —dP(v;) = 0 (as P is constant in §), and similarly w (X, v;) =
—dQ(v;) = 0. We conclude that the matrix (a) (v;, vj)) must be nonsingular, that
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Fig. 5.12 Proof of the Darboux theorem

is, i*w must be nondegenerate, where i : S — V is the inclusion map. Since
di*w = i*dw = 0, we see that (S, i *w) is a symplectic manifold. Given any function
F € C*(S), we can extend it to 7 by making it constant along the flow of X o, and
then to V by making it constant along the flow of X p. Since [Xp, Xo] = X(p o) =
X1 =0, the flows of X p and X ¢ commute, and so this extension can be done in the
reverse order. Consequently, the extended function (which we still call F') satisfies
{P,F}=Xp-F=0and{Q, F} = X¢o-F =0, thatis, Xf- P = {F, P} =0and
Xr-Q ={F, Q} = 0. This implies that X ¢ is tangent to S, and so X r coincides on
S with the Hamiltonian vector field determined by F on (S, i*®). In the same way,
the Poisson bracket {F, G} of the extensions to V of two functions F, G € C*°(S)
satisfies

Xp-{F. G} ={P {F,G}} ={{P, F}, G} + {F,{P,G}} ={0,G} + {F, 0} = 0,

and similarly X - {F, G} = 0, implying that {F, G} is the extension of the Poison
bracket on (S, i*w). Therefore, if the Darboux theorem holds for (S, i*w), meaning

that we .hav'e m — 2 = 2n — 2 and local cqordinates (xl, o xnl Pls-+» Pn—1)
with {x', x/} = {p;, pj} = 0 and {p;, x/} = §; fori,j = 1,...,n — 1, then,
making x" = Q and p, = P, we have the result for (M, w). O

In fact, to have Hamiltonian flows all that is required is the existence of a Poisson
bracket. This suggests a further generalization.

Definition 8.4 A Poisson manifold is a pair (M, {-, -}), where M is a differentiable
manifold and {-, -}, called the Poisson bracket, is a Lie bracket on C*° (M) satisfying
the Leibniz rule, that is,

(i) {F,G}=—{G, F};

(i) {aF +BG,H} =ofF, H} + B{F, H};

(i) {F, {G, H}} +{G,{H, F}} +{H,{F,G}} =0;
(iv) {F,GH)}={F,G}H + {F, H\G

forany o, 8 € Rand F, G, H € C*(M).
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Example 8.5

(1) Any symplectic manifold (M, w) is naturally a Poisson manifold (M, {-, -})
[cf. Exercise 6.15(7)].

(2) Any smooth manifold M can be given a Poisson structure, namely the trivial
Poisson bracket {-, -} := 0. This is not true for symplectic structures, even if M
is even-dimensional [cf. Exercise 8.23(2)].

(3) If (-, -) is the Euclidean inner product on R? then the formula

{F,G}(x) := (x, grad F x grad G)

defines a nontrivial Poisson bracket on R3 (cf. Example 8.22).

The bilinearity and Leibniz rule properties of the Poisson bracket imply that { F, -}
is a derivation (hence a vector field) for any F € C°°(M). This allows us to define
Hamiltonian flows.

Definition 8.6 If (M, {-, -}) is a Poisson manifold and F € C°° (M) then the Hamil-
tonian vector field generated by F is the vector field X € X(M) such that

Xr-G={F,G}
for any function G € C*°(M).

Proposition 8.7 The map C*°(M) > F — Xr € X(M) is a Lie algebra homo-
morphism between (C*°(M), {-, -}) and (X(M), -, -]), that is,

(i) Xor+pc =aXp + BXgs
(ii) X(r,6) = [XF, X5
foralla, B €e Rand F, G, H € C*(M).

Proof Property (i) is immediate from the bilinearity of the Poisson bracket. Property
(ii) arises from the Jacobi identity, as

X{F,G}H:{{FvG}’H}:{F’ {G,H}}—{G,{F, H}}
=Xr-(Xg-H)— X -(Xr-H)
=[Xr, Xcl-H

forany F, G, H € C*®°(M). O

The functions in the kernel of the homomorphism F' +— X r are called the Casimir
functions, and are simply the functions F € C°° (M) that Poisson commute with all
other functions, thatis, such that { F/, G} = Oforall G € C°°(M). Notice that Casimir
functions are constant along any Hamiltonian flow. The image of the homomorphism
F +— X is the set of Hamiltonian vector fields, which in particular forms a Lie
subalgebra of (X(M), [+, -]).
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Example 8.8

(1) If (M, w)isasymplectic manifold then the Casimir functions are just the (locally)
constant functions.

(2) If {, -} := 0 is the trivial Poisson bracket on a smooth manifold M then any
function is a Casimir function, and the only Hamiltonian vector field is the zero
field.

(3) If {-, -} is the Poisson bracket defined on R3 by the formula

{F,G}(x) := (x, grad F x grad G)
then C(x) := |x||? is a Casimir function, as grad C = 2x and so
{C, F}(x) =2(x,x x grad F) =2(grad F,x x x) =0

for any smooth function F € C*(R?). It follows that the Hamiltonian vector
fields are necessarily tangent to the spheres of constant C (and in particular must
vanish at the origin).

Since the Poisson bracket can be written as
(F,G}=Xr -G=dG(XF) =—-dF(Xg),

we see that {F, G}(p) is a linear function of both (dF'), and (dG) ,. Therefore the
Poisson bracket determines a bilinear map B), : TyM x T,M — R forall p € M.

Definition 8.9 The antisymmetric (0, 2)-tensor field B satisfying
{F,G} = B(dF,dG)

is called the Poisson bivector.

Using the identification T, M = (T;,"M )*, we have
Xrp(dG)=dG(Xp)=Xp-G ={F,G} = B(dF,dG) = ((dF)B)(dG),

where the contraction of a covector with the Poisson bivector is defined in the same
way as the contraction of a vector with an alternating tensor [cf. Exercise 1.15(8)] in
Chap. 2). Therefore we have

Xr=udF)B,

and so the set of all possible values of Hamiltonian vector fields at a given point
p € M is exactly the range of the map T[’,"M Swr (w)B eTyM.

Theorem 8.10 (Kirillov) Let (M, {-, -}) be a Poisson manifold such that the rank of
the map T;M >wr> (w)B € TyM is constant (as a function of p € M). Then M
is foliated by symplectic submanifolds (S, ws) (called symplectic leaves) such that
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{F,G}(p) ={Fls, Gls}p)
forall p € M, where S is the leaf containing p.

Proof Since the rank r of the map T[j‘ M > w +— 1(w)B € T, M is constant, the range
%, of this map has dimension r for all p € M, and so determines a distribution X
of dimension r in M. By construction, all Hamiltonian vector fields are compatible
with this distribution, and it is clear that for each p € M there exist Fi, ..., F, €
C*(M) such that ¥ is spanned by X, ..., X, on a neighborhood of p. Since
[XF, ij] = X{Fi,pj} fori, j =1, ..., r,the distribution X is integrable, and so M
is foliated by r-dimensional leaves S with 7,§ = X, forall p € S. If w, 5 € T;f M
then B(w, n) = n(t(w)B) = —w(t(n)B) depends only on the restrictions of 1 and
w to Xp, thatis, B restricts to E; X E;. Moreover, this restriction is nondegenerate,
since the map 2; > n > (B € X, is surjective. It is then easy to check that
the Poisson bracket determined in each leaf S by the restriction of B to T*S x T*S
arises from a symplectic form on S [cf. Exercise 8.23(4)]. ]

Remark 8.11 Kirillov’s theorem still holds in the general case, where the rank of
the map T[f M > w — «(w)B € T,M is not necessarily constant. In this case the
symplectic leaves do not necessarily have the same dimension, and form what is
called a singular foliation.

Example 8.12

(1) If (M, w) is a symplectic manifold then there is only one symplectic leaf (M
itself).

(2) If {-, -} := 0 is the trivial Poisson bracket on a smooth manifold M then the
Poisson bivector vanishes identically and the symplectic leaves are the zero-
dimensional points.

(3) If {-, -} is the Poisson bracket defined on R3 by the formula

{F,G}(x) := (x, grad F x grad G)
then the Poisson bivector at x € R3 is given by
B, w) = (x,v x w) = (w, x X v)

for any v, w € R3, where we use the Euclidean inner product (-, -) to make the
identification (R3)* = R3. Therefore at x € R3 we have

t(v)B=x x v,

and so the range of B at x is the tangent space to the sphere S, of radius || x|| cen-
tered at the origin. The symplectic leaves are therefore the spheres Sy (including
the origin, which is a singular leaf), and if x # O the symplectic form on S is
given by
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w(v, w) = (x, v X w)

1112

for v, w € Ty S, (that is, w is ”TIH times the standard volume form). Indeed, if
F € C®(R?) and v € T, S, then we have

(x, XF xv) L(v,x x (t(grad F)B))

e = B

llc112

= W(v,x X (x x grad F))

1
ll 112

= —(v,grad F) = —dF(v).

<v, (x, grad F)x — |x||? grad F>

Next we consider the geometric properties of Hamiltonian flows, that is, flows
generated by Hamiltonian vector fields. Just like in the symplectic case, we have a
Hamiltonian version of energy conservation.

Proposition 8.13 Hamiltonian flows preserve their generating functions.

Proof If F € C*®°(M) then
Xp-F={F,F}=—{F, F} =0. 0
Recall that in the symplectic case Hamiltonian flows preserve the symplectic form.

To obtain the analogue of this property in Poisson geometry we make the following
definition.

Definition 8.14 A Poisson map f : M — N between two Poisson manifolds
(M, {-,-}) and (N, {-, -}) is a differentiable map such that

{F,G}o f={Fof Gof}
forall F, G € C°(N).
As one would expect, Poisson maps preserve Hamiltonian flows.

Proposition 8.15 If (M, {-, -}) and (N, {-, -}) are Poisson manifolds, f : M — N
is a Poisson map and F € C*°(N) then

f* XFof = XF .
Proof We just have to notice that given G € C°°(N) we have

(feXFof) G =Xpof - (Gof)={Fof,Gofy={F.G}=Xr-G.
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Finally, we show that Hamiltonian flows preserve the Poisson bracket.
Proposition 8.16 Hamiltonian flows are Poisson maps.

Proof Let Yy : M — M be the Hamiltonian flow generated by the function F €
C®(M).If G € C*°(M) is another function we have

d d d d
d—(G oY) = —W"G) = —  ((Y145)"G) = — (Y1 0¥y)*G)
t dt =0

dS ls=0 ds Is

d
=7 W™ (Y G)) = Xr - (Y G) = {F, ¥:"G}.
S‘A‘:O

Given G, H € C*®(M), let K; € C°°(M) be the function
Kl = {Gv H} o ‘(//I - {G o 1//11 Ho wl} = I/IT*{Gv H} - {wl*Gv wl*H}
Clearly K¢ = 0. Since the Poisson bracket is bilinear, we have

iKt = i(1/fz”‘{G, H}) — [i(llfz*G), l/ft*H] - [W‘G, i(W‘H)}
dt dt dt dt
= Xr- (UG, HY) — U{F, ¥" G}, ¥« " H} — {¥:"G, {F, " H}}
=Xr- "G, H) —{F, {y,*G,y,"H}} = Xr - K,.

Regarding K, as a function K defined on / x M, where I C R is the interval of
definition of i, we see that it satisfies

(&~ Xr)- K =0
K, p) =0forallpe M

Integrating from {0} x M along the integral curves of % — X we thenobtain K, =0
forallz € 1. O

We are now ready to discuss symmetry and reduction.

Definition 8.17 Let G be a Lie group acting on a Poisson manifold (M, {-, -}). The
action is said to be:

(1) Poisson if for each g € G the map Ay, : M — M givenby A,(p) :=g-pisa
Poisson map;

(2) Hamiltonian if foreach V € g there exists a function J (V) € C°°(M) such that
the infinitesimal action X" is the Hamiltonian vector field generated by J(V),
that is, XV = X](V).

If G is connected then Proposition 8.16 guarantees that a Hamiltonian action is
Poisson [cf. Exercise 8.23(6)]. Notice that because X" is a linear function of V we
can take J (V) to be a linear function of V, and thus think of J asamap J : M — g*.
This map is called the momentum map for the action.
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Theorem 8.18 (Noether, Hamiltonian version) If the action of the Lie group G on
the Poisson manifold (M, {-, -}) is Hamiltonian with momentum map J : M — g*
and H € C*(M) is G-invariant then J is constant along the Hamiltonian flow of
H.

Proof Since H is G-invariant we have for any V € g

XV H=0& X, - H=0&{J(V),H} =0& Xy -J(V)=0. O

Example 8.19 The relation between the Hamiltonian and the Lagrangian versions
of the Noether theorem is made clear by the following important example. Let M
be a differentiable manifold, and let G be a Lie group acting on M. We can lift this
action to the symplectic (hence Poisson) manifold 7*M by the formula

gra=A"_

o
g 1

forall« € T*M, where A, : M — M is givenby A,(p) =g - pforall p e M. 1t
is easy to check that this formula indeed defines an action of G on T*M, mapping
each cotangent space 7, M to 7,0, M.

Let(x!, ..., x")belocal coordinates on M andlet (x!, ..., x", Pl ..., Pn)bethe
corresponding local coordinates on 7*M. Let (y', ..., y") be local coordinates on
G centered at the identity e € G suchthat (—y!, ..., —y") parameterizes the inverse
of the element parameterized by (y', ..., y"™) (this can be easily accomplished by
using the exponential map). If in these coordinates the action A : G x M — M of
G on M is given by

(Al(xl,...,x",yl,...,ym),...,A"(xl,...,x",yl,...,ym))

then we have

n
Al (Zpidxi) Z pz—(x —y)dx/,
i=1

i,j=1

and so the lift of the action of G to T*M is written

Alx A" A A
Ve AT D), Do (=P D =)
i=1

i=1

Therefore the infinitesimal action of V := >, V“% onT*M is

ZX() Zaxf() 9 87 9 97 9
X ~-(X)pj— = —_—— = —_—
Py X J api P ap; dx! P ax' dp;
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where
m

. dA!
X' (x) = ZW(X,O)Va

a=1

are the components of the infinitesimal action of V on M and

n
J=2 X'Wpi.
i=l

We conclude that the lift of the action of G to T*M is Hamiltonian with momentum
map J : T*M — g* given by

J@) (V) =a(x"),

where XV € X(M) is the infinitesimal action of V on M. Notice that J(V) is
exactly the image by the Legendre transformation of the conserved quantity J" in
the Lagrangian version of the Noether theorem.

Theorem 8.20 (Poisson reduction) If the action of G on (M, {-, -}) is free, proper
and Poisson then M / G is naturally a Poisson manifold (identifying C*° (M /G) with
the G-invariant functions in C*°(M)), and the natural projectionw : M — M /G is
a Poisson map. In particular, w carries the Hamiltonian flow of G-invariant functions
on M to the Hamiltonian flow of the corresponding functions in M/ G.

Proof We just have to observe that the if the action is Poisson then the Poisson
bracket of G-invariant functions is G-invariant. (I

If G is a Lie group then G acts on G by left multiplication, and the lift of this
action to T*G is free, proper and Hamiltonian. If moreover G is connected then the
action is Poisson, and we have the following result.

Theorem 8.21 (Lie—Poisson reduction) If G is a connected Lie group then the quo-
tient Poisson bracket on T*G /G =~ g* is given by

{F,H}(u) := n([dF,dH))

for all F, H € C*(g*), where dF,dH € g** ~ g. If (p1,..., pm) are linear
coordinates on g* corresponding to the basis {»', ..., @™} then

oF oH
{F,H} = Z PaChor—
a,b,c=1 apbapc

where Cp . are the structure constants associated to the dual basis {X1, ..., Xy}

of g.
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Proof If we think of {w', ..., @™} as left-invariant 1-forms on G then the canonical
symplectic potential on T*G is

m
0= Z pawa,
a=1

(for simplicity we identify w® and mw*w“, where m : T*G — G is the natural
projection). Now from Exercise 2.8(1) in Chap.4 we know that

1 m
=-5 Z Cgca)b A o,
b,c=1

and so the canonical symplectic form is

m

w—d@—dea o —l Z paCbca) A o

a b,c=1
= dea R wt — Za)a ®dp, — Z panCa)b Q .
a a a,b,c=1
If F € C*°(T*G)is G-invariant then it only depends on the coordinates (p1, ..., pm)
along the fibers, and so
= - oy Pa-
a=
Setting
m m a
F ‘= ZS“Xa +Z’7aa_s
a=1 a=1 Pa
where {X1, ..., X,,} is the dual basis of g, we then have
m
((Xp)o=—> &dp, — Z PaCll £0° + Zna
a=1 a,b,c=1
From «(X r)w = —d F we then obtain
oF 0
Xp= Z PaChe 5
a=1 a,b,c=1 apb 3[)

implying that if H € C*°(T*G) is also G-invariant then
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m

oF oH
(F,HY=Xp-H = PaCl — —.
abzc:] ’ bcapbapc

Notice that as covectors on g* we have dp, = X,, and so, by definition of the
structure functions Cj, .,

OF 0H " oOF oH
F,H} = Xp, a —Xp, — X,
(FLH = S pao(Xs XDg oot = > puo ([apb . })

a,b,c=1 a,b,c=1

= Za: pa”([dF, dH]). -

Example 8.22 Lie-Poisson reduction on 7*S§O (3) yields the Poisson bracket
{F,G}(x) = {(x,VF x VG)

onso(3)* = (R¥)* = R3, where we used Lemma 3.9 to identify so0(3) with (R3, x)
and the Euclidean inner product (-, -) to make (R3)* = R3.

Exercise 8.23

(1) Consider the symplectic structure on
ST={(x,y,0) eR | x>+ y>+2 =1}

determined by the usual volume form. Compute the Hamiltonian flow gener-
ated by the function H(x, y, z) = z.
(2) Let (M, w) be a symplectic manifold. Show that:

(@ w=>7_,dp; Adxt 1fand0nly1f{x x/} = {pi, pjl = 0and {p;, x/} =
§jjfori, j=1,...,n;

(b) M is orientable;

(c) if M is compact then w cannot be exact. (Remark: In particular if M is compact and
all closed 2-forms on M are exact then M does not admit a symplectic structure; this is the case for all

even-dimensional spheres S with n > 1).

(3) Let (M, (-,-)) be a Riemannian manifold, « € Q'(M) a 1-form and U €
C® (M) a differentiable function.

(a) Show that w := w + 7*da is a symplectic form on T*M, where w is the
canonical symplectic form and 7 : T*M — M is the natural projection (@
is called a canonical symplectic form with magnetic term).

(b) Show that the Hamiltonian flow generated by a function H € C®(T*M)
with respect to the symplectic form w is given by the equations
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., OH
X = —
opi

0H - doj Oy .
5 — 2 997 9% L
pi= 8xi+_z(8xi Bxf)x

(¢) Themap F : T*M — T*M given by
F():=§—-a

for & € T M is a fiber-preserving diffeomorphism. Show that F' carries the
p P g p

Hamiltonian flow defined in Exercise 6.15(2) to the Hamiltonian flow of H
with respect to the symplectic form @, where

~ 1
HE) = 5.8+ U(p)

for %' € T[;k M. (Remark: Since the projections of the two flows on M coincide, we see that the

magnetic term can be introduced by changing either the Lagrangian or the symplectic form).

(4) Let (M, {-, -}) be a Poisson manifold, B the Poisson bivector and (x!, ..., x")
local coordinates on M. Show that:

(a) B can be written in these local coordinates as

" 9 9
B = BV — @ —,
i/zzll ox! © ox/

where B = {x!,x/} fori, j=1,...,n;
(b) the Hamiltonian vector field generated by F € C°°(M) can be written as

p
A

Xr = Bl]—.—.;
F i/Z_:1 ax' dx/

(c) the components of B must satisfy
n

. OBk . OBX dB
il Jjl kl —
I_Z] (B ox! + B ax! + B ox! ) =0

foralli, j,k=1,...,n; -
(d) if {-, -} arises from a symplectic form w then (B") = —(a)ij)_l;
(e) if B is nondegenerate then it arises from a symplectic form.
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(5) (Action-angle coordinates) Let (M, ) be a symplectic manifold and F =
(F1,..., F;) : M — R" a set of independent first integrals in involution,
with compact level sets (n-tori). Choose an invariant torus 7, a point @ € Ty,
and an n-dimensional submanifold N C M transverse to Ty at « (that is,
ToeM = T,T & T,N). We fix the the coordinates x = L., x™) determined
on each invariant torus 7 close to Ty by the identification 7 = R" /Z" (which
arises from the R"-action associated to F') by setting x = 0 on N. In this way
we obtain local coordinates (x, F) in a neighborhood of 7. Show that:

(a) In these coordinates the components of the Poisson bivector are

* | —AT
B)={-—+—-——-1,
A | o0

and so the components of the symplectic form are

0 | —A"!
(W)=-—=+—-—=—],
AH |

where A = A(F) is the matrix A = (a;;) defined by
n
]
Xr = 2 i
j:

(b) itis possible to choose new coordinates J = J (F) such that {J;, x/} = 8ijs

(c) {x',x/}is afunction of J only;

(d) itis possible to choose new coordinates y = x +z(J) such that {y’, y/} =0
and {J;, y/} = &3

(e) there exists a 1-form 0 in a neighborhood of Tj such that w = d@, and
Ji = fyi 6, where y; is the projection of the y’-axis on each invariant torus
T ; RI‘[/ZH.

(Hint: You will need to use the Poincaré Lemma — cf. Exercise 3.8(6) in Chap. 2).

(6) Let G be a connected Lie group and U C G a neighborhood of the identity.
Show that:

(@) G=UXU", where U" ={g| - ---- gl g1, . gn €U
(b) if G acts on a Poisson manifold (M, {-, -}) and the action is Hamiltonian
then it is Poisson.

(7) Let G be a connected Lie group with a free, proper, Hamiltonian action on a
Poisson manifold (M, {-, -}), and let H € C°°(M) be G-invariant. Show that if
p € M/G isafixed pointof T, Xy € X(M/G) (wherewr : M — M/G is the
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quotient map) then the flow of X ;7 on v ~!(p) is given by orbits of 1-parameter
subgroups of G.
(8) The Lie group SO(2) ~ S' acts on M = R2\ {(0, 0)} through

e (r,0) = (r,6 + ¢),

where (r, 6) are polar coordinates on M and 6, ¢ should be understood
mod 2.

(a) Write an expression for the infinitesimal action XV € X(M) of V € s0(2) =
R.

(b) Determine the momentum map for the lift of this action to the cotangent
bundle.

(c) Write an expression for the Poisson bivector of 7*M with the canonical
symplectic structure in the usual coordinates (r, 0, p,, pg).

(d) Calculate the Poisson bivector of the Poisson manifold Q := T*M /SO (2) >~
R3. What are the symplectic leaves of this manifold? Give an example of a
nonconstant Casimir function.

(e) Consider the Hamiltonian H : T*Q — R given by

2 2
Pr Po
H(r,0, pr, pg) = BN + 22 +u(r).
Show that H is S O (2)-invariant, and determine its Hamiltonian flow on the
reduced Poisson manifold Q.

(f) Use the Noether theorem to obtain a quantity conserved by the Hamiltonian
flow of H on T*M.

(9) Recall that the upper half plane H = {(x, y) € R? | y > 0} has a Lie group
structure, given by the operation

(-x» )’) ° (Zs w) = (yZ‘i‘x» yw)v

and that the hyperbolic plane corresponds to the left-invariant metric
1
g = F(dx ®dx +dy ®dy)

on H [cf. Exercise7.17(3) in Chap.1 and Exercise3.3(5) in Chap.3]. The
geodesics are therefore determined by the Hamiltonian function K : T*H —

R given by
2

y
K (x, Y, Px» py) = 7 (px2 + pg) .

(a) Determine the lift to 7*H of the action of H on itself by left translation,
and check that it preserves the Hamiltonian K.
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(b) Show that the functions

F(x,y, px, py) = ypx and G(x,y, px, py) = yPy

are also H-invariant, and use this to obtain the quotient Poisson structure on
T*H/H.Is this a symplectic manifold?

(c) Write an expression for the momentum map for the action of H on T*H,
and use it to obtain a nontrivial first integral I of the geodesic equations.
Show that the projection on H of a geodesic for which K = E, py =1 and
I = m satisfies the equation

1’x% + 12y2 — 2lmx +m? = 2E.

Assuming [ # 0, what are these curves?

(10) Recall thatthe Euler top is the mechanical system determined by the Lagrangian
L:TSO(3) — R given by

1
L=_(IQ, Q)
512, Q)

where 2 are the left-invariant coordinates on the fibers resulting from the
identifications

TsSO3) = dLs(s0(3)) = s50(3) = R>.

(a) Show that if we use the Euclidean inner product (-, -) to identify (R*)* with
RR3 then the Legendre transformation is written

P =12,

where P are the corresponding left-invariant coordinates on 7*S 0 (3).

(b) Write the Hamilton equations on the reduced Poisson manifold 7*S O (3)/
SO (3) = R?. What are the symplectic leaves? Give an example of a non-
constant Casimir function.

(¢) Compute the momentum map for the lift to 7*S O (3) of the action of SO (3)
on itself by left translation.

(11) Let (P!, P2, P3) be the usual left-invariant coordinates on the fibers of
T*S0(3), and consider the functions (I'!, I'2, I'3) defined through

y =S8T

for each S € SO(3), where y € R3 is a fixed vector. Show that for i, j =
1,2, 3:
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@ (P, P/y =33  eijiPh

(b) (I, T/} =0;
(© (P, Ty =33 eijul*,
where

+1 if (i, j, k) is an even permutation of (1, 2, 3)
gijk =4 —1 if (i, j, k)is an odd permutation of (1, 2, 3)
0 otherwise.

(Hint: Show that I = I' x 2 along any motion of the Euler top, where 2 is the angular velocity in the Euler
top’s frame, and regard (P;)z as the limit of the Euler top Hamiltonian when /; = 1 and /; — +o0 for j # i).
(12) If in Exercise 8.23(11) we set y = ge,, where g is the (constant) gravitational
acceleration, then the motion of a rigid body (with a fixed point) of mass M
and moment of inertia /, whose center of mass has position vector L € R3in

its frame, is given by the Hamiltonian flow of

1
H= 5(P, I7'P)y+M(y, SL).

(a) Show that H is S]—inva_riant for the lift to 7*SO(3) of the action of S! on
SO (3) determined by ¢'? - § = Ry S, where

cosf —sinf 0
Ry := | sinf cosf O
0 0 1

(corresponding to rotations about the z-axis).

(b) Determine the momentum map for this action.

(c) Show that the functions P and I' are S!-invariant, and that the Poisson
bracket on the quotient manifold 7*SO3)/S' = (S0(3)/S'") x R3 =
$? x R? is determined by the Poisson brackets of these functions.

(d) Use the functions P and I" to write the equations of motion on the quotient,
and give an example of a nonconstant Casimir function.

5.9 Notes

5.9.1 Section 5.1

Throughout this chapter, starting at the exercises of Sect.5.1, we need several defi-
nitions and facts related to stability of fixed points of vector fields in R” (refer for
instance to [Arn92, GHO2] for additional details). In order to study nonlinear systems
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=) (x e R") (5.4)
x(0) = xo

one usually starts by finding the zeros of f, called fixed points, equilibria or sta-
tionary solutions. A fixed point X is called stable if for each neighborhood U of x
there exists another (possibly smaller) neighborhood V of X such that if xo € V then
x(t) € U for each t > 0 where the solution is defined. The behavior of solutions
near X can, in many situations, be studied by linearizing (5.4) at X and analyzing the
resulting (linear) system

£ = At
R” 5.5
[s(o):&) (£ eRM (5.5)

where A := (df)x. This linear system has a global solution

E(&o, 1) = €'k,

where /4 can be seen as a map from R” to R” defining the flow of the vector field
AE. If we put A in the Jordan canonical form then it is clear that this flow has the
following invariant subspaces:

E°® = span{vy, ..., Uy, } (stable subspace);

E" :=span{uy, ..., un,} (unstable subspace);

E¢ := span{wy, ..., Wy, ) (center subspace),
where vy, ..., v,, are the n; generalized eigenvectors corresponding to eigenvalues
with negative real part, u1, ..., u,, are the n,, generalized eigenvectors correspond-
ing to eigenvalues with positive real part, and wy, ..., w,, are the n. generalized

eigenvectors corresponding to eigenvalues with zero real part. If E¢ = @ then X is
called a hyperbolic or nondegenerate fixed point of f. In this case the Hartman—
Grobman theorem tells us that there exists a homeomorphism from a neighborhood
of ¥ in R” to a neighborhood of 0 in R” which takes the orbits of the non-linear flow
of (5.4) to those of the linear flow ¢’4 of (5.5). The asymptotic behavior of solutions
near X, and consequently its stability type, is then determined by the eigenvalues A
of A.

5.9.2 Bibliographical Notes

The material in this chapter follows [Oli02],[Arn97] closely. There are of course
many other excellent books on mechanics, both traditional [GPS02] and geometric
[AM78, MR99]. Non-holonomic systems (including control theory) are treated in
greater detail in [Blo03, BLO5]. For more information on completely integrable
systems see [CB97, Aud96].
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Chapter 6
Relativity

This chapter studies one of the most important applications of Riemannian
geometry: the theory of general relativity. This theory, which ultimately superseded
the classical mechanics of Galileo and Newton, arose from the seemingly paradoxical
experimental fact that the speed of light is the same for every observer, independently
of their state of motion. In 1905, after a period of great confusion, Einstein came up
with an explanation that was as simple as it was radical: time intervals and length
measurements are not the same for all observers, but instead depend on their state
of motion. In 1908, Minkowski gave a geometric formulation of Einstein’s theory
by introducing a pseudo-inner product in the four-dimensional spacetime R*. While
initially resisting this “excessive mathematization” of his theory, Einstein soon real-
ized that curving spacetime was actually the key to understanding gravity. In 1915,
after a long struggle with the mathematics of Riemannian geometry, he was able to
arrive at a complete formulation of the general theory of relativity. The predictions
of his theory were first confirmed in 1919 by a British solar eclipse expedition, led by
Eddington, and have since been verified in every experimental test ever attempted.

To smooth the transition from classical mechanics to relativity, Sect. 6.1 discusses
Galileo spacetime, the geometric structure underlying Newtonian mechanics, which
hinges on the existence of arbitrarily fast motions. If, however, a maximum speed is
assumed to exist, then it must be replaced by Minkowski spacetime, whose geometry
is studied in special relativity (Sect. 6.2).

Section 6.3 shows how to include Newtonian gravity in Galileo spacetime by
introducing the symmetric Cartan connection. Trying to generalize this procedure
leads to general Lorentzian manifolds satisfying the Einstein field equation, of
which Minkowski spacetime is the simplest example (Sect. 6.4).

Other simple solutions are analyzed in the subsequent sections: the Schwarzschild
solution, modeling the gravitational field outside spherically symmetric bodies or
black holes (Sect. 6.5), and the Friedmann-Lemaitre—Robertson—Walker models
of cosmology, describing the behavior of the universe as a whole (Sect. 6.6).

Finally, Sect. 6.7 discusses of the causal structure of a Lorentz manifold, in prepa-
ration for the proof of the celebrated singularity theorems of Hawking (Sect. 6.8)
and Penrose (Sect. 6.9).
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6.1 Galileo Spacetime

The set of all physical occurrences can be modeled as a connected 4-dimensional
manifold M, which we call spacetime, and whose points we refer to as events. We
assume that M is diffeomorphic to R*, and that there exists a special class of dif-
feomorphisms x : M — R*, called inertial frames. An inertial frame yields global
coordinates (xo, x!, %2, x3) = (t,x,y,z). We call the coordinate t : M — R the
time functionassociated to a given inertial frame. Two events p, g € M are said to be
simultaneous on that frame if 7 (p) = #(q). The level functions of the time function
are therefore called simultaneity hypersurfaces. The distance between two simul-
taneous events p, g € M is given by

3

dip.g)= | > (x(p) —xi(g)”.

i=1

The motion of a particle is modeled by a smooth curve ¢ : I — M such that
dt(¢) # 0. A special class of motions is formed by the motions of free particles, i.e.
particles which are not acted upon by any external force. The special property that
inertial frames have to satisfy is that the motions of free particles are always repre-
sented by straight lines. In other words, free particles move with constant velocity
relative to inertial frames (Newton’s law of inertia). In particular, motions of parti-
cles at rest in an inertial frame are motions of free particles.

Inertial frames are not unique: if x : M — R*is an inertial frame and T :
R* — R*is an invertible affine transformation then 7 o x is another inertial frame.
In fact, any two inertial frames must be related by such an affine transformation
[cf. Exercise 1.1(3)].

The Galileo spacetime, which underlies Newtonian mechanics, is obtained by
further requiring that inertial frames should:

(1) agree on the time interval between any two events (and hence on whether two
given events are simultaneous);
(2) agree on the distance between simultaneous events.

Therefore, up to translations and reflections, all coordinate transformations
between inertial frames belong to the Galileo group Gal(4), the group of linear
orientation-preserving maps which preserve time functions and the Euclidean struc-
tures of the simultaneity hypersurfaces.

When analyzing problems in which only one space dimension is important, we can
use a simpler 2-dimensional Galileo spacetime. If (¢, x) are the spacetime coordinates
associated to an inertial frame and T € Gal(2) is a Galileo change of basis to a new
inertial frame with global coordinates (¢/, x"), then
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9 _r(2\_2,.,9
o \ot) ot ox
0 0 0
— =T — —_-—
ox’ Ox 0x

with v € R, since we must have r = ¢/, and so

9 (D
i(2)=ar(2) =

and we want the orientation-preserving map 7 to be an isometry of the simultaneity
hypersurface {r = 0} = {t' = 0}. The change of basis matrix is then

10
=(01)

with inverse o 1o
T \-v1)”

Therefore the corresponding coordinate transformation is

[/ (v eR)
x'= x—vt

(Galileo transformation), and hence the new frame is moving with velocity v with
respect to the old one (as the curve x’ = 0 is the curve x = vr). Notice that § —lig
obtained from § simply by reversing the sign of v, as one would expect, as the old
frame must be moving relative to the new one with velocity —v. We shall call this
observation the relativity principle.

Exercise 1.1

(1) (Lucas problem) By the late 19th century there existed a regular transatlantic
service between Le Havre and New York. Every day at noon (GMT) a transat-
lantic ship would depart Le Havre and another one would depart New York. The
journey took exactly seven days, so that arrival would also take place at noon
(GMT). Therefore, a transatlantic ship traveling from Le Havre to New York
would meet a transatlantic ship just arriving from New York at departure, and
another one just leaving New York on arrival. Besides these, how many other
ships would it meet? At what times? What was the total number of ships needed
for this service? (Hint: Represent the ships’ motions as curves in a 2-dimensional Galileo spacetime).

(2) Check that free particles move with constant velocity relative to inertial frames.

(3) Let f : R" — R”" (n > 2) be a bijection that takes straight lines to straight lines.
Show that f must be an affine function, i.e. that

f(x)=Ax+0b
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for all x € R"”, where A € GL(n,R) and b € R".
(4) Provethat the Galileo group Gal(4) is the subset of G L (4, R) formed by matrices

of the form
10
v R

where v € R? and R € SO(3). Conclude that Gal (4) is isomorphic to the group
of orientation-preserving isometries of the Euclidean 3-space R?.
(5) Show that Gal(2) is a subgroup of Gal(4).

6.2 Special Relativity

The Galileo spacetime requirement that all inertial observers should agree on the
time interval between two events is intimately connected with the possibility of
synchronizing clocks in different frames using signals of arbitrarily high speeds.
Experience reveals that this is actually impossible. Instead, there appears to exist
a maximum propagation speed, the speed of light (approximately 300,000 km/s),
which is the same at all events and in all directions. A more accurate requirement is
then that any two inertial frames should

(1") agree on whether a given particle is moving at the speed of light.

Notice that we no longer require that different inertial frames should agree on the
time interval between two events, or even on whether two given events are simulta-
neous. However, we still require that any two inertial frames should

(2') agree on the distance between events which are simultaneous in both frames.

It is convenient to choose units such that the speed of light is 1 (for instance
measuring time in years and distance in light-years). Fix a particular inertial frame
with coordinates (xo, x!, X2, x3). A free particle moving at the speed of light on an
inertial frame x : R* — R will be a straight line whose tangent vector

0 0 0
0 1 2 3
v v @ + vV —— + R + v ?
must satisfy
(UO)2 (v )2 + (U2)2 + (U3)2 (6.1)

so that the distance traveled equals the elapsed time. In other words, v must satisfy
(v, v) = 0, where

(v, w) = =% + vlw! +0%w? + 03w = Z 77,“,1) w”
w,v=0
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with (1,,,) = diag(—1, 1, 1, 1). Notice that (-, -) is a symmetric nondegenerate tensor
which is not positive definite; we call it the Minkowski (pseudo) inner product.
The coordinate basis

9 90 9 9
0x97 ox17 9x2’ ox3

is an orthonormal basis for this inner product [cf. Exercise2.2(1)], as

0 9\ _
oxi oxv | T

(w,v=0,1,2,3).

Since we used a particular inertial frame to define the Minkowski inner product,
we must now check that it is well defined (i.e. it is independent of the inertial frame
we chose to define it). Let (x?, x!”, x2’, x3) be the coordinates associated to another
inertial frame. The analogue of (6.1) on the new inertial frame implies that the vectors

9 .9
8x0/ Oxt’

(i = 1,2, 3) must be tangent to a motion at the speed of light. By assumption (1),
given a motion of a free particle at the speed of light, all inertial observers must agree
that the particle is moving at this (maximum) speed. Therefore we must have

x0T axi! ox0 T oxi' |

(5 * 5 5 * 3

This implies that

o o0\ __[9 9}
Ox07" 9x0 - axi’’ oxi' |’

Similarly, we must have

0 0 7] 0 0 0
<\/§T+—+ V2— + + >=()

oxi’  oxI” T T ox0  oxit T OxJ!

0 0
— ——)=0
<8x”’ 8x1/>

(i # j), and hence
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Since (-, -) is nondegenerate, we conclude that there must exist k # 0 such that

o o\ _,
o’ x|

(u,v=0,1,2,3).
The simultaneity hypersurfaces {x® = const.} and {x"" = const.} are 3-planes in
R*. If they are parallel, they will coincide for appropriate values of the constants;
otherwise, they must intersect along 2-planes of events which are simultaneous in
both frames. In either case there exist events which are simultaneous in both frames.
Let v # 0 be a vector connecting two such events. Then dx%v) = dx"(v) = 0, and
hence ; 5
i d i’ 0
U—;U oxi &V oxir

1=

By assumption (2"), we must have

> () =3 ()

i=1 i=1

Consequently, from

3 3

> 3

we conclude that we must have k£ = 1. Therefore the coordinate basis

0 0 0 0
0x9” Ox17” 9x27 Ox3'

must also be an orthonormal basis. In particular, this means that the Minkowski
inner product (-, -) is well defined (i.e. it is independent of the inertial frame we
choose to define it), and that we can identify inertial frames with orthonormal bases
Of (R4’ ('5 >)

Definition 2.1 (R*, (-, -)) is said to be the Minkowski spacetime. The length of a

. 1
vector v € R*is |v| = |(v, v)]|2.

The study of the geometry of Minkowski spacetime is usually called special
relativity. A vector v € R* is said to be:

(1) timelikeif (v, v) < 0;in this case, there exists an inertial frame (x?’, x!’, x2/, x3")
such that

v= vl
OxY’
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timelike future-pointing vector

Sl

null vector Io)

spacelike vector

Fig. 6.1 Minkowski geometry (traditionally represented with the #-axis pointing upwards)

[cf. Exercise 2.2(1)], and consequently any two events p and p + v occur on the
same spatial location in this frame, separated by a time interval |v|;

(2) spacelikeif (v, v) > 0; in this case, there exists an inertial frame (x%’, x!/, x%, x¥)
such that

v = |v|_8x1/

[cf. Exercise 2.2(1)], and consequently any two events p and p + v occur simul-
taneously in this frame, a distance |v| apart;

(3) lightlike, or null, if (v, v) = 0; in this case any two events p and p + v are
connected by a motion at the speed of light in any inertial frame.

The set of all null vectors is called the light cone, and it is in a way the structure
that replaces the absolute simultaneity hypersurfaces of Galileo spacetime. It is the
boundary of the set of all timelike vectors, which has two connected components; we
represent by C(v) the connected component that contains a given timelike vector v.
A time orientation for Minkowski spacetime is a choice of one of these components,
whose elements are said to be future-pointing; this is easily extended to nonzero
null vectors (Fig.6.1).

An inertial frame (xo, x!, x2, x3) determines a time orientation, namely that for
which the future-pointing timelike vectors are the elements of C (%) Up to trans-
lations and reflections, all coordinate transformations between inertial frames belong
to the (proper) Lorentz group SO (3, 1), the group of linear maps which preserve
orientation, time orientation and the Minkowski inner product (hence the light cone).

Acurve ¢ : I € R — R*is said to be timelike if (¢, ¢) < 0. Timelike curves
represent motions of particles with nonzero mass, since only for these curves it is
possible to find an inertial frame in which the particle is instantaneously at rest.
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In other words, massive particles must always move at less than the speed of light
[cf. Exercise2.2(13)]. The proper time measured by the particle between events
c(a) and c(b) is

b
7(c) :=/|é(s)|ds.

When analyzing problems in which only one space dimension is important, we
can use a simpler 2-dimensional Minkowski spacetime. If (¢, x) are the spacetime
coordinates associated to an inertial frame and T € SO (1, 1) is a Lorentzian change
of basis to a new inertial frame with global coordinates (¢', x"), we must have

3 =T (2) :coshu2 —|—sinhu2
or’

ot ot Ox
0 0 . 0 0
% =T (B_X) =smhu§ +coshua—x

with u € R [cf. Exercise2.2(3)]. The change of basis matrix is
_ [coshu sinhu
~ \sinhu coshu/’

o1 _ ( cosh u —sinhu)

with inverse

—sinhu coshu

Therefore the corresponding coordinate transformation is

[t/ =tcoshu — x sinhu

x' = xcoshu — tsinhu

(Lorentz transformation), and hence the new frame is moving with velocity
v = tanh u with respect to the old one (as the curve x’ = 0 is the curve x = vr;
notice that [v| < 1). The matrix S~ is obtained from S simply by reversing the sign
of u, or, equivalently, of v; therefore, the relativity principle still holds for Lorentz
transformations.

Moreover, since

coshu = (l—vz)_%
sinhu = v(l—vz)_%’

one can also write the Lorentz transformation as
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t = (l —vz)_%t— v(l —vz)_%x

x = (1 — vz)_% X —v (1 — vz)_% t.

In everyday life situations, we deal with frames whose relative speed is much smaller
that the speed of light, |v| < 1, and with events for which |x| < || (distances traveled
by particles in one second are much smaller that 300,000 km). An approximate
expression for the Lorentz transformations in these situations is then

=t
x'=x—vt

which is just a Galileo transformation. In other words, the Galileo group is a conve-
nient low-speed approximation of the Lorentz group.

Suppose that two distinct events p and g occur in the same spatial location in the
inertial frame (¢/, x"),

At/a At' cosh aJrAt/'h 0 Ata+A 0
—p=At— = coshu — sinhu— = Ar— X —.
E T o ax ~ T T ox
We see that the time separation between the two events in a different inertial frame
(t, x) is bigger,

At = At coshu > At'.

Loosely speaking, moving clocks run slower when compared to stationary ones (time
dilation).

If, on the other hand, two distinct events p and ¢ occur simultaneously in the
inertial frame (¢/, x"),

A/a A/'h8+A/ ha At8+A8
— p=Ax'— = Ax'sinhu— x' coshu— = At— xX—,
1=r ox’ o1 ox o1 dx
then they will not be simultaneous in the inertial frame (¢, x), where the time differ-

ence between them is
At = Ax'sinhu # 0

(relativity of simultaneity).
Finally, consider two particles at rest in the inertial frame (¢’, x"). Their motions
are the lines x” = x{, and x" = x4 I'. In the inertial frame (z, x), these lines have
equations
!/ / A
X = 0 + vt and x:x0+l
coshu coshu

which describe motions of particles moving with velocity v and separated by a
distance



260 6 Relativity

l/
| = <.
coshu

Loosely speaking, moving objects shrink in the direction of their motion (length
contraction).

Exercise 2.2

(1) Let (-, -) be anondegenerate symmetric 2-tensor on n-dimensional vector space
V. Show that there always exists an orthonormal basis {vy, .. ., v,},i.e. abasis
such that (v;, v;) = ¢;;, where ¢;; = £1 and ¢;; = O fori # j. Moreover,
show that s = D", €;; (known as the signature of (-, -)) does not depend on
the choice of orthonormal basis.

(2) Consider the Minkowski inner product (-, -) on R* with the standard time
orientation.

(a) Let v € R* be timelike and future-pointing. Show that:
(i) if w € R* is timelike or null and future-pointing then (v, w) < 0;
(i) if w € R* is timelike or null and future-pointing then v + w is timelike
and future-pointing;
(i) {v}* := {w € R* | (v, w) = 0} is a hyperplane containing only
spacelike vectors (and the zero vector).
(b) Let v € R* be null and future-pointing. Show that:
() if w € R* is timelike or null and future-pointing then (v, w) < 0, with
equality if and only if w = Av for some A\ > 0;
(ii) if w € R* is timelike or null and future-pointing then v 4+ w is timelike
or null and future-pointing, being null if and only if w = Av for some
A>0;
(iii) {v}* is a hyperplane containing only spacelike and null vectors, all of
which are multiples of v.
(c) Letv e R*be spacelike. Show that {v}= is a hyperplane containing timelike,
null and spacelike vectors.

(3) Show that if (¢, x) are the spacetime coordinates associated to an inertial frame
and T € SOg(1, 1) is a Lorentzian change of basis to a new inertial frame with
global coordinates (¢/, x"), we must have

3/ =T (2) = coshu2 + sinhuﬁ

ot ot ot Ox
0 0 0 7]
— =T | — ) =sinhu— hu_—
ox (ax) sin u@t —+ cos u(?x

for some u € R.

(4) (Twin paradox) Twins Alice and Bob part on their 20th birthday: while Alice
stays on the Earth (which is approximately an inertial frame), Bob leaves at
80 % of the speed of light towards Planet X, 8 light-years away from the Earth,
which he therefore reaches 10 years later (as measured in the Earth’s frame).
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After a short stay, Bob returns to the Earth, again at 80 % of the speed of light.
Consequently, Alice is 40 years old when they meet again.

(a) How old is Bob at this meeting?

(b) How do you explain the asymmetry in the twins’ ages? Notice that, from
Bob’s point of view, he is the one who is stationary, while the the Earth
moves away and back again.

(c) Imagine that each twin has a very powerful telescope. What does each of
them see? In particular, how much time elapses for each of them as they see
their twin experiencing one year?

(Hint: Notice that light rays are represented by null lines, i.e. lines whose tangent vector is null; therefore, if

event p in Alice’s history is seen by Bob at event g then there must exist a future-directed null line connecting

ptog).

(5) (Car and garage paradox) A 5-meter long car moves at 80 % of light speed
towards a 4-meter long garage with doors at both ends.

(a) Compute the length of the car in the garage’s frame, and show that if the
garage doors are closed at the right time the car will be completely inside
the garage for a few moments.

(b) Compute the garage’s length in the car’s frame, and show that in this frame
the car is never completely inside the garage. How do you explain this
apparent contradiction?

(6) Let (¢, x") be an inertial frame moving with velocity v with respect to the
inertial frame (z, x). Prove the velocity addition formula: if a particle moves
with velocity w’ in the frame (¢, x’), the particle’s velocity in the frame (z, x)
is

w +v
Sl wh’

What happens when w' = +1?
(7) (Hyperbolic angle)

(a) Show that
(i) so(l,1) = {(2 g) lue R];

.. Ou coshu sinhu
(i) exp (u 0) - (sinhu cosh u) = S);
(i) S)Sw) = S(u+u').

(b) Consider the Minkowski inner product (-, -) on R? with a given time ori-
entation. If v, w € R? are unit timelike future-pointing vectors then there
exists a unique u € R such that w = S(u)v (which we call the hyperbolic
angle between v and w). Show that:

(1) |u]is the length of the curve formed by all unit timelike vectors between
v and w;
(ii) %|u| is the area of the region swept by the position vector of the curve
above;
(iii) hyperbolic angles are additive;
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Fig. 6.2 Doppler effect

®)

©)

(10)

(iv) the velocity addition formula of Exercise 2.2(6) is simply the formula
for the hyperbolic tangent of a sum.

(Generalized twin paradox) Let p,q € R* be two events connected by a
timelike straight line /. Show that the proper time between p and g measured
along [ is bigger than the proper time between p and ¢ measured along any
other timelike curve connecting these two events. In other words, if an inertial
observer and a (necessarily) accelerated observer separate at a given event and
are rejoined at a later event, then the inertial observer always measures a bigger
(proper) time interval between the two events. In particular, prove the reversed
triangle inequality: if v, w € R* are timelike vectors with w € C(v) then
lv+w| = [v] +[w].

(Doppler effect) Use the spacetime diagram in Fig. 6.2 to show that an observer
moving with velocity v away from a source of light of period T measures the

period to be
=1/
1—v

(Remark: This effect allows astronomers to measure the radial velocity of stars and galaxies relative to the
Earlh).

(Aberration) Suppose that the position in the sky of the star Sirius makes an
angle 0 with the x-axis of a given inertial observer. Show that the angle ¢’
measured by a second inertial observer moving with velocity v = tanh u along
the x-axis of the first observer satisfies

sin 0
tanf =

coshu cosf + sinhu’
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(11) Minkowski geometry can be used in many contexts. For instance, let [ = R(%
represent the motion of an observer at rest in the atmosphere and choose units
such that the speed of sound is 1.

(a)

(b)

(©)

Let 7 : R* — R the map such that 7(p) is the 7 coordinate of the event
in which the observer hears the sound generated at p. Show that the level
surfaces of 7 are the conical surfaces

0
T_l(l‘()) = [p e R | tOE — p is null and future—pointing] .
Show that ¢ : I — R* represents the motion of a supersonic particle iff
. 0 20 and (E6) >0
¢, — an ¢, ¢) > 0.
ot

Argue that the observer hears a sonic boom whenever c is tangent to a surface
T = constant. Assuming that c is a straight line, what does the observer hear
before and after the boom?

(12) Letc : R — R* be the motion of a particle in Minkowski spacetime parame-
terized by the proper time 7.

(a)

(b)
(©)

Show that
(¢,¢) =—1

and
(¢,¢) =0.

Conclude that ¢ is the particle’s acceleration as measured in the particle’s
instantaneous rest frame, i.e. in the inertial frame (7, x, y, z) for which
¢ = %. For this reason, ¢ is called the particle’s proper acceleration, and
|¢| is interpreted as the acceleration measured by the particle.

Compute the particle’s motion assuming that it is moving along the x-axis
and measures a constant acceleration |¢| = a.

Consider a spaceship launched from the Earth towards the center of the
Galaxy (at a distance of 30,000 light-years) with a = g, where g represents
the gravitational acceleration at the surface of the Earth. Using the fact that
g ~ 1 year™! in units such that ¢ = 1, compute the proper time measured
aboard the spaceship for this journey. How long would the journey take as
measured from the Earth?

(13) (The faster-than-light missile) While conducting a surveillance mission on
the home planet of the wicked Klingons, the Enterprise uncovers their evil
plan to build a faster-than-light missile and attack the Earth, 12 light-years
away. Captain Kirk immediately orders the Enterprise back to the Earth at
its top speed (% of the speed of light), and at the same time sends out a
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t
(13,12)
missile 2 (1212)
(11,0) |
Enterprise
’ radio signal

(0,0) x

Planet Klingon Earth

Fig. 6.3 Faster-than-light missile

radio warning. Unfortunately, it is too late: eleven years later (as measured by
them), the Klingons launch their missile, moving at 12 times the speed of light.
Therefore the radio warning, traveling at the speed of light, reaches the Earth at
the same time as the missile, twelve years after its emission, and the Enterprise
arrives at the ruins of the Earth one year later.

(a) How long does the Enterprise’s trip take according to its crew?

(b) Onthe Earth’s frame, let (0, 0) be the (¢, x) coordinates of the event in which
the Enterprise sends the radio warning, (11, 0) the coordinates of the mis-
sile’s launch, (12, 12) the coordinates of the Earth’s destruction and (13, 12)
the coordinates of the Enterprise’s arrival at the Earth’s ruins (cf. Fig.6.3).
Compute the (1/, x’) coordinates of the same events on the Enterprise’s
frame.

(c) Plot the motions of the Enterprise, the Klingon planet, the Earth, the radio
signal and the missile on the Enterprise’s frame. Does the missile motion
according to the Enterprise crew make sense?

(Remark: This exercise is based on an exercise in [TW92]).
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6.3 The Cartan Connection

Let (xo, xbx2 3% = @, x, v, z) be an inertial frame on Galileo spacetime, which

we can therefore identify with R*. Recall that Newtonian gravity is described by
a gravitational potential ® : R* — R. This potential determines the motions of
free-falling particles through

d’x! 0

dr2 —  oxi

(i = 1,2,3),andis, in turn, determined by the matter density function p : R* — R
through the Poisson equation

PP N o N 0*®

Ox2  0y? = 072

=4mp

(we are using units in which Newton’s universal gravitation constant G is set equal
to 1). The vacuum Poisson equation (corresponding to the case in which all matter
is concentrated on singularities of the gravitational potential) is the well-known
Laplace equation

’o P 00

o2 T 0y? + 072

Notice that the equation of motion is the same for all particles, regardless of
their mass. This observation, dating back to Galileo, was made into the so-called
equivalence principle by Einstein. It implies that a gravitational field determines
special curves on Galileo spacetime, namely the motions of free-falling particles.
These curves are the geodesics of a symmetric connection, known as the Cartan
connection, defined through the nonvanishing Christoffel symbols

0P

— (=12
o (i=123)

oo =
[cf. Exercise 3.1(1)], corresponding to the nonvanishing connection forms

. 00

It is easy to check that the Cartan structure equations

3
[0}
Qﬁ:du}ﬁ—i—ng/\wu

a=0

still hold for arbitrary symmetric connections, and hence we have the nonvanishing
curvature forms
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3 2
. R .
QB = E mdxj Adt.
j=1

The Ricci curvature tensor of this connection is

Ric = 82<I>+82<I>+62<1> dt ® dt
T N\o2 T oy T a2

[cf. Exercise 3.1(2)], and hence the Poisson equation can be written as
Ric =4mp dt ® dt.
In particular, the Laplace equation can be written as
Ric = 0.

Exercise 3.1

(1) Check that the motions of free-falling particles are indeed geodesics of the Cartan
connection. What other geodesics are there? How would you interpret them?

(2) Check the formula for the Ricci curvature tensor of the Cartan connection.

(3) Show that the Cartan connection V is compatible with Galileo structure, i.e.
show that:

(a) Vxdt =0forall X € %(R“) [cf. Exercise 2.6(3) in Chap. 3];
(b) if E, F € X(R*) are tangent to the simultaneity hypersurfaces and parallel
along some curve ¢ : R — R*, then (E, F) is constant.

(4) Show that if the Cartan connection has nonzero curvature then it is not the Levi—
Civita connection of any pseudo-Riemannian metric on R* (cf. Sect. 6.4).

6.4 General Relativity

Gravity can be introduced in Newtonian mechanics through the symmetric Cartan
connection, which preserves Galileo spacetime structure. A natural idea for introduc-
ing gravity in special relativity is then to search for symmetric connections preserving
the Minkowski inner product. To formalize this, we introduce the following defini-
tion.

Definition 4.1 A pseudo-Riemannian manifold is a pair (M, g), where M is a
connected n-dimensional differentiable manifold and g is a symmetric nondegenerate
differentiable 2-tensor field (g is said to be a pseudo-Riemannian metric in M). The
signature of a pseudo-Riemannian manifold is just the signature of ¢ at any tangent


http://dx.doi.org/10.1007/978-3-319-08666-8_3

6.4 General Relativity 267

space. A Lorentzian manifold is a pseudo-Riemannian manifold with signature
n — 2 [thatis, (g,,) = diag(—1, 1, ..., 1) for appropriate orthonormal frames].

The Minkowski spacetime (R?, (-, -)) is obviously a Lorentzian manifold. The
proof of the Levi—Civita theorem uses the non-degeneracy of the metric, not its posi-
tivity. Therefore, the theorem still holds for pseudo-Riemannian manifolds. In other
words, given a pseudo-Riemannian manifold (M, g) there exists a unique symmetric
connection V which is compatible with g (given by the Koszul formula). Therefore
there exists just one symmetric connection preserving the Minkowski metric, which
is the trivial connection (obtained in Cartesian coordinates by taking all Christof-
fel symbols equal to zero). Notice that the geodesics of this connection are straight
lines, corresponding to motions of free particles, which in particular do not feel any
gravitational field.

To introduce gravity through a symmetric connection we must therefore consider
more general 4-dimensional Lorentzian manifolds, which we will still call space-
times. These are no longer required to be diffeomorphic to R*, nor to have inertial
charts. The study of the geometry of these spacetimes is usually called general
relativity.

Each spacetime comes equipped with its unique Levi—Civita connection, and
hence with its geodesics. If ¢ : I € R — M is a geodesic, then (¢, ¢) is constant, as

d . ) D¢ )
£(C(S), c(s)) = 2<E(S)’ C(S)> =0.

A geodesic is called timelike, null, or spacelike according to whether (¢, ¢) < 0,
(¢,¢) = 0or (¢,¢) > 0 (i.e. according to whether its tangent vector is timelike,
spacelike or null). By analogy with the Cartan connection, we will take timelike
geodesics to represent the free-falling motions of massive particles. This ensures
that the equivalence principle holds. Null geodesics will be taken to represent the
motions of light rays.

In general, any curve ¢ : I C R — M is said to be timelike if (¢, ¢) < 0. In this
case, ¢ represents the motion of a particle with nonzero mass (which is accelerating
unless ¢ is a geodesic). The proper time measured by the particle between events
c(a) and c(b) is

b
7(c) =/ le(s)lds,

where |v| = |(v, v)|% foranyv e TM.

To select physically relevant spacetimes we must impose some sort of constraint.
By analogy with the formulation of the Laplace equation in terms of the Cartan
connection, we make the following definition.

Definition 4.2 The Lorentzian manifold (M, g) is said to be a vacuum solution of
the Einstein field equation if its Levi—Civita connection satisfies Ric = 0.
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The general Einstein field equation is
S
Ric — 5 g=8nE,

where S = Zi,yzo g"" R, is the scalar curvature and E is the so-called energy-

momentum tensor of the matter content of the spacetime. The simplest example of
a matter model is that of a pressureless perfect fluid, which is described by a rest
density function p € C°°(M) and a unit velocity vector field U € X(M) (whose
integral lines are the motions of the fluid particles). The energy-momentum tensor
for this matter model is

E=pr®uv,

where v € Q! (M) is the 1-form associated to U by the metric g.
The Einstein field equation can be rewritten as

Ric = 8«T,

where

’;
1 3
T:ZE_E E 9"Euw g
w,v=0

is the reduced energy-momentum tensor [cf. Exercise4.3(2)]. For a pressureless
perfect fluid, the reduced energy-momentum tensor is

1
T:p(v@u—i—zg),
and so Einstein field equation is

Ric=4mpRv®v +g)

(compare this with the Poisson equation in terms of the Cartan connection).
It turns out that spacetimes satisfying the Einstein field equation for appropriate
choices of T model astronomical phenomena with great accuracy.

Exercise 4.3

(1) Show that the signature of a pseudo-Riemannian manifold (M, g) is well defined,
i.e. show that the signature of g, € ’72(TI,M ) does not depend on p € M.
(2) Show that:

(a) the Einstein field equation can be rewritten as

Ric =8nT,;
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(b) the reduced energy-momentum tensor for a pressureless perfect fluid with
rest density p and unit velocity 1-form v is

1
T:p(ll®l/+§g)-

Let (M, g) be a pseudo-Riemannian manifold and f : N — M an immersion.
Show that f*g is not necessarily a pseudo-Riemannian metric on N.
Let (M, g) be the (n + 1)-dimensional Minkowski spacetime, i.e. M = R"+!
and

g=—-dx’®@dx’+dx' @dx' + - +dx" Q@ dx".

Leti : N — M be the inclusion map, where
N:={veM]| (v,v) = —1and v’ > 0}.

Show that (N, i*g) is the n-dimensional hyperbolic space H".

(Fermi—Walker transport) Letc : I C R — R* be a timelike curve in Minkowski
space parameterized by the proper time, U := ¢ the tangent unit vector and
A := ¢ the proper acceleration. A vector field V : I — R* s said to be Fermi—
Walker transported along c if

DV

=(V,A)U — (V,U)A.
dr

(a) Show that U is Fermi—Walker transported along c.

(b) Show that if V and W are Fermi—Walker transported along c then (V, W)
is constant.

(c) If (V,U) = 0 then V is tangent at U to the submanifold

N:={veR*|(v,v) =—1and v’ > 0},

which is isometric to the hyperbolic 3-space [cf. Exercise4.3(4)]. Show
that, in this case, V is Fermi—Walker transported if and only if it is parallel
transported along U : [ — N.

(d) Assume that ¢ describes a circular motion with constant speed v. Let V be
a Fermi—Walker transported vector field, tangent to the plane of the motion,
such that (V, U) = 0. Compute the angle by which V rotates (or precesses)
after one revolution.

(Remark: It is possible to prove that the angular momentum vector of a spinning particle is Fermi—Walker
transported along its motion and orthogonal to it; the above precession, which has been observed for spinning

particles such as electrons, is called the Thomas precession).

(Twin paradox on a cylinder) The quotient of Minkowski spacetime by the
discrete isometry group generated by the translation £(¢, x,y,z) = (f,x +
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8, ¥, z) is a (flat) vacuum solution of the Einstein field equation. Assume that the
Earth’s motion is represented by the line x = y = z = 0, and that once again
Bob departs at 80 % of the speed of light along the x-axis, leaving his twin sister
Alice on the Earth, on their 20th birthday [cf. Exercise2.2(5)]. Because of the
topology of space, the two twins meet again after 10 years (as measured on the
Earth), without Bob ever having accelerated.

(a) Compute the age of each twin in their meeting.
(b) From Bob’s viewpoint, it is the Earth which moves away from him. How do
you explain the asymmetry in the twins’ ages?

(Rotating frame)

(a) Show that the metric of Minkowski spacetime can be written as
g=—dtQdt +dr ®dr +r’d0 ® df + dz Q@ dz

by using cylindrical coordinates (r, 6, z) in R3.
(b) Letw > 0 and consider the coordinate change given by 6 = 6’ + wt. Show
that in these coordinates the metric is written as

g=—(1—wrdt @dt +wr’dt ® d0' + wr’df’ @ dt
+dr®@dr+r’d0 ® do' +dz ® dz.

(c) Show that in the region U = {r < %} the coordinate curves of constant
(r, 0', z) are timelike curves corresponding to (accelerated) observers rotat-
ing rigidly with respect to the inertial observers of constant (r, 6, z).

(d) The set of the rotating observers is a 3-dimensional smooth manifold £ with
local coordinates (r, 6’, z), and there exists a natural projection 7 : U — X.
We introduce a Riemannian metric /2 on X as follows: if v, w € Ty () X then

h(v,w)=g (UT, wT) ,

where, for each u € Tr(,) I, the vector u™ € T,U satisfies

+ f 0
T_ f —_— =
(dm)pu' =u and g(u ,(at)p) 0

Show that & is well defined and

2

h=dr@dr+ ———db' ®df +dz ® dz.
1 —w?r?
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(e)

(Remark: This is the metric resulting from local distance measurements between the rotating observers;
Einstein used the fact that this metric has curvature to argue for the need to use non-Euclidean geometry in
the relativistic description of gravity).

The image of acurve ¢ : I C R — U consists of simultaneous events from
the point of view of the rotating observers if ¢ is orthogonal to gt at each
point. Show that this is equivalent to requiring that «(¢) = 0, where

wr2

/
Oé=dt—md9

In particular, show that, in general, synchronization of the rotating observers’
clocks around closed paths leads to inconsistencies.

(Remark: This is the so-called Sagnac effect; it must be taken into account when synchronizing the very

precise atomic clocks on the GPS system ground stations, because of the Earth’s rotation).

(8) (Static spacetime) Let (X, h) be a 3-dimensional Riemannian manifold and con-
sider the 4-dimensional Lorentzian manifold (M, g) determinedby M := Rx ¥

and

g:=—e>®°dr Qdt + 7*h,

where 7 is the usual coordinate in R, 7 : M — X is the natural projection and

(O

(a)

(b)

(©)

¥ — R is a smooth function.

Letc : I C R — M be a timelike geodesic parameterized by the proper
time, and v := 7 o c. Show that
Dy

7 =+ h(y. )G,

where G = — grad(®) is the vector field associated to —d® by & and can
be thought of as the gravitational field. Show that this equation implies that
the quantity

E? = (1+h(}.9))e*?

is a constant of motion.
Letc : I € R — M be a null geodesic, ¢ its reparameterization by the
coordinate time 7, and ¥ := 7 o ¢. Show that ¥ is a geodesic of the Fermat

metric
[ = e 2(@omp,

(Hint: Use Lemma 1.12 in Chap.5).
Show that the vacuum FEinstein field equation for g is equivalent to

divG = h(G, G);
Ric=Vd®+d®®dP,
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where div G is the divergence of G, Ric and V are the Ricci curvature
and the Levi—Civita connection of /&, and Vd® is the tensor defined by
(VdP)(X,Y) := (Vxd®) (Y) for all X,Y € X(Z) [cf. Exercises 2.6(3).
and 3.3(9). in Chap. 3].

6.5 The Schwarzschild Solution

The vacuum Einstein field equation is nonlinear, and hence much harder to solve than
the Laplace equation. One of the first solutions to be discovered was the so-called
Schwarzschild solution, which can be obtained from the simplifying hypotheses of
time independence and spherical symmetry, i.e. by looking for solutions of the form

g=—A%(r)dt @ dt + B*(r)dr @ dr +r*d0 @ df + r*sin® 0dp @ dyp
for unknown positive smooth functions A, B : R — R. Notice that this expression
reduces to the Minkowski metric in spherical coordinates for A = B = 1).

Itis easily seen that the Cartan structure equations still hold for pseudo-Riemannian
manifolds. We have

g=—-" W0+ @ +w ®w! +wf @uw?

with
W= A(r)dt,
w" = B(r)dr;
W =rdb,

w? =rsinfdp,

and hence {wo, w", wa, w?} is an orthonormal coframe. The first structure equations,

3
dwh = Zw” Awh;
v=0
3
dg/w = Zguawg + gl/(l'wzfs

a=0

which on an orthonormal frame are written as

3
dwh = Zw” A whs
v=0


http://dx.doi.org/10.1007/978-3-319-08666-8_3
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I
ISP

I
!
8'

@i, j =1,2,3), together with

/
dw’ =§wr Adt;

dw" =0;

1
dw’ =Ew’ A dO;

, sin 6
dw? =Tw’ Ado+cosBuw? Adp,

yield the nonvanishing connection forms

A/

0
W, =w) = Edt’
W= — wy = ld9,

" B

sin 6

Y _ ro__ .
wyr = w#, = _B d<,0,
wg = — wfg = cos Odp.

The curvature forms can be computed from the second structure equations

3
Qb =dwh + ng Awy,
a=0

and are found to be

Q?:QS:%wr/\w ;
QQ:Q@:%J/\J;
Qg:Qg: %w*’/\wo,
Qf: —-Qp= ri; W AW
Qr=-Q" = B wf AW

r ¢  rB3 ;

273
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r

Thus the components of the curvature tensor on the orthonormal frame can be
read off from the curvature forms using

L [N G
Qb = ZRaﬁyw Aw’.
a<f
and can in turn be used to compute the components of the Ricci curvature tensor Ric
on the same frame. The nonvanishing components of Ric on this frame turn out to

be

A"B—A'B 24

Roo AB T rABY
R :_A//B_A/B/+2_B/.
" AB3 rB3’
R%:R z_i_i_i_'_E.
7T rABY  rBd  r2B2

Thus the vacuum Einstein field equation Ric = 0is equivalent to the ODE system

(A" A'B’ 24 (A" B
N +— =0 +
A AB  rA A B

A" A'B' 2B A ANZ 24
. =0 < (=) +2(2) + -0

A AB B A A rA
A" B B*-1 2B B2 -1
L A B r L B r

The last equation can be immediately solved to yield

2m -3
B=(1—-— ,
,

where m € R is an integration constant. The first equation implies that A = Z for
some constant o > 0. By rescaling the time coordinate ¢ we can assume that o = 1.
Finally, it is easily checked that the second ODE is identically satisfied. Therefore
there exists a one-parameter family of solutions of the vacuum Einstein field equation
of the form we sought, given by



6.5 The Schwarzschild Solution 275

2m 2m\ !
g= (1——)dl®dl+(l——m) dr @ dr (6.2)
r r
+r2d0 ® df + r*sin® Odp ® d.

To interpret this family of solutions, we compute the proper acceleration [cf. Exer-
c1seZ 2(12)] of the stationary observers, whose motions are the integral curves
of . If {Eo, E,, Ey, E,} is the orthonormal frame obtained by normalizing

{%, %, % E)_} (hence dual to {u°, ", w?, w¥}), we have

3 _1
- A, m 2m\ 2
Ve Eo = ME_O Wg(EO)E,u = WS(EO)Er = EW (E0)E, = r_2 (1 - 7) E;.

_1
G(r)=:n—2(1—27m) i

away from the origin, to prevent falling towards it. In other words, they are expe-
riencing a gravitational field of intensity G (r), directed towards the origin. Since
G (r) approaches, for large values of r, the familiar acceleration n/r? of the New-
tonian gravitational field generated by a point particle of mass m, we interpret the
Schwarzschild solution as the general relativistic field of a point particle of mass
m. Accordingly, we will assume that m > O (notice that m = 0 corresponds to
Minkowski spacetime).

When obtaining the Schwarzschild solution we assumed A(r) > 0, and hence
r > 2m. However, it is easy to check that (6.2) is also a solution of the Einstein
vacuum field equation for r < 2m. Notice that the coordinate system (¢, r, 6, ) is
singular at » = 2m, and hence covers only the two disconnected open sets {r > 2m}
and {r < 2m}. Both these sets are geodesically incomplete, as for instance radial
timelike or null geodesics cannot be extended as they approach r = 0 or r = 2m
[cf. Exercise 5.1(7)]. While this is to be expected for r = 0, as the curvature blows
up along geodesics approaching this limit, this is not the case for r = 2m. It turns
out that it is possible to fit these two open sets together to obtain a solution of the
Einstein vacuum field equation regular at r = 2m. To do so, we introduce the so-
called Painlevé time coordinate

o[

In the coordinate system (¢', r, 6, ), the Schwarzschild metric is written
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2 2
g= —dt’®dr/+(dr+,/mdz/)®(dr+,/mdt/)+r2d0®d0+r2sin20dgp®dgo.
r r

This expression is nonsingular at » = 2m, and is a solution of the Einstein vacuum
field equation for {r > 2m} and {r < 2m}. By continuity, it must be a solution also
atr = 2m.

The submanifold » = 2m is called the event horizon, and is ruled by null geo-
desics. This is easily seen from the fact that % = a% becomes null at » = 2m, and
hence its integral curves are (reparameterizations of) null geodesics.

The causal properties of the Schwarzschild spacetime are best understood by
studying the light cones, i.e. the set of tangent null vectors at each point. For instance,
radial null vectors v = UO% + 0" % satisfy

2
2 2 2
—(UO) +(vr+,/va0) =O<:>vr=(:|:1—,17m)v0.

For r > 2m we obtain approximately the usual light cones of Minkowski spacetime.
As r approaches 2m, however, the light cones “tip over” towards the origin, becoming
tangent to the event horizon at r = 2m (cf. Fig.6.4). Since the tangent vector to a
timelike curve must be inside the light cone, we see that no particle which crosses
the event horizon can ever leave the region r = 2m (which for this reason is called a
black hole). Once inside the black hole, the light cones tip over even more, forcing
the particle into the singularity r = 0.

r=2m

Fig. 6.4 Light cones in Painlevé coordinates
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Notice that the Schwarzschild solution in Painlevé coordinates is still not geo-
desically complete at the event horizon, as radial timelike and null geodesics are
incomplete to the past as they approach r = 2m [cf. Exercise 5.1(7)]. Physically, this
is not important: black holes are thought to form through the collapse of (approxi-
mately) spherical stars, whose surface follows a radial timelike curve in the spacetime
diagram of Fig. 6.4. Since only outside the star is there vacuum, the Schwarzschild
solution is expected to hold only above this curve, thereby removing the region of
r = 2m leading to incompleteness. Nevertheless, it is possible to glue two copies
of the Schwarzschild spacetime in Painlevé coordinates to obtain a solution of the
vacuum Einstein field equation which is geodesically incomplete only at the two
copies of r = 0. This solution, known as the Kruskal extension, contains a black
hole and its time-reversed version, known as a white hole.

For some time it was thought that the curvature singularity at » = 0 was an artifact
of the high symmetry of Schwarzschild spacetime, and that more realistic models of
collapsing stars would be singularity-free. Hawking and Penrose proved that this is
not the case: once the collapse has begun, no matter how asymmetric, nothing can
prevent a singularity from forming (cf. Sects. 6.8 and 6.9).

Exercise 5.1
(1) Let (M, g) be a 2-dimensional Lorentzian manifold.

(a) Consider an orthonormal frame {Eo, E1} on an open set U C M, with
associated coframe {w”, w!'}. Check that the Cartan structure equations are

o =
dw® = ! /\w?;
dw' =u° /\w?;
QY =du.

(b) Let {Fp, F1} be another orthonormal frame such that Fy € C(Ep), with
associated coframe {@”, @'} and connection form w—? Show thato = U(l) —w?
is given locally by o = du, where u is the hyperbolic angle between F and
Eg [cf. Exercise2.2(7)].

(c) Consider a triangle A C U whose sides are timelike geodesics, and let o, 3

and v be the hyperbolic angles between them (cf. Fig. 6.5). Show that
y=a+0— / Q,
A

where, following the usual convention for spacetime diagrams, we orient U
so that {Ep, E} is negative.

(d) Provide a physical interpretation for the formula above in the case in which
(M, g) is a totally geodesic submanifold of the Schwarzschild spacetime
obtained by fixing (6, ¢) [cf. Exercise 5.7(3) in Chap.4].


http://dx.doi.org/10.1007/978-3-319-08666-8_4
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Fig. 6.5 Timelike geodesic

triangle B \

(2) Consider the Schwarzschild spacetime with local coordinates (¢, r, 8, ). An
equatorial circular curve is a curve given in these coordinates by (¢(7), (1),
0(7), p(7)) with 7(7) = 0 and 0(7) = 3.

(a) Show that the conditions for such a curve to be a timelike geodesic parame-
terized by its proper time are

=0
3=0
r(pZ:}%lZZ

3my 2 _
(1=) %=1

Conclude that massive particles can orbit the central mass in circular orbits
forall r > 3m.

(b) Show that there exists an equatorial circular null geodesic for r = 3m. What
does a stationary observer placed at r = 3m, 6 = 7 see as he looks along
the direction of this null geodesic?

(c) The angular momentum vector of a free-falling spinning particle is parallel-
transported along its motion, and orthogonal to it [cf. Exercise 4.3(5)]. Con-
sider a spinning particle on a circular orbit around a pointlike mass m. Show
that the angular momentum vector precesses by an angle
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1
3 2
§=2r 1-(1--’") ,
.

after one revolution, if initially aligned with the radial direction.
(Remark: The above precession, which has been observed for spinning quartz spheres in orbit around the

Earth during the Gravity Probe B experiment, is called the geodesic precession).

(3) (Gravitational redshift) We consider again the Schwarzschild spacetime with
local coordinates (z, r, 0, ).

(a) Show that the proper time interval AT measured by a stationary observer
between two events on his history is

2m >
Ar=(1——) Az,
r

where At is the difference between the time coordinates of the two events.
(Remark: This effect has been measured experimentally; loosely speaking, gravity delays lime).

(b) Show thatif (¢(s), r(s), 0(s), ©(s)) is a geodesic then so is (¢ (s) + At, r(s), 0(s), p(s))
forany Ar e R.

(c) Use the spacetime diagram in Fig. 6.6 to show that if a stationary observer
at r = ro measures a light signal to have period T, a stationary observer at

TI

ro 1

Fig. 6.6 Gravitational redshift
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r = r1 measures a period

for the same signal.
(Remark: This gravitational redshift has been measured experimentally, confirming that spacetime must be

curved — in Minkowski spacetime one would necessarily have 7' = T’).

(4) Let(M, g) betheregionr > 2m of the Schwarzschild solution with the Schwarz-
schild metric. The set of all stationary observers in M is a 3-dimensional smooth
manifold X with local coordinates (r, 6, ), and there exists a natural projec-
tion m : M — X. We introduce a Riemannian metric 7 on X as follows: if
v, w € Tr(p)X then

h(v,w)=g (UT, wT) ,

where, for each u € T ()X, the vector ut e T,U satisfies

0
T_ T —_— =
(dm)pu" =u and g(u ,(at)p) 0

[cf. Exercise 4.3(7)].
(a) Show that / is well defined and

2 —1
h:(l——m) dr @ dr + r2df ® df + r*sin® 0d ® dp.
r

(b) Show that £ is not flat, but has zero scalar curvature.

(c) Show that the equatorial plane ¢ = 7 is isometric to the revolution surface
generated by the curve z(r) = +/8m(r — 2m) whenrotated around the z-axis
(cf. Fig.6.7).

Fig. 6.7 Surface of revolution isometric to the equatorial plane
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(Remark: This is the metric resulting from local distance measurements between the stationary observers;

loosely speaking, gravity deforms space).

(5) Inthis exercise we study in detail the timelike and null geodesics of the Schwarz-
schild spacetime. We start by observing that the submanifold 6 = 7 is totally
geodesic [cf. Exercise 5.7(3) in Chap.4]. By adequately choosing the angular
coordinates (6, ), one can always assume that the initial condition of the geo-
desic is tangent to this submanifold; hence it suffices to study the timelike and
null geodesics of the 3-dimensional Lorentzian manifold (M, g), where

2 2m\ !
g:—(l——m)dt®dt+(l——m) dr @ dr +rdy ® dep.
r

r

(a) Show that % and d_ap are Killing fields [cf. Exercise 3.3(8) in Chap. 3].
(b) Conclude that the equations for a curve ¢ : R — M to be a future-directed
geodesic (parameterized by proper time if timelike) can be written as

S =2 (o i) (1= 2)
g(mv0)=—E Sll-)i=E
g(& )=t ¢ =L

where E > 0 and L are integration constants, o = 1 for timelike geodesics
and o = 0 for null geodesics.
(c) Show thatif L # 0 then u = ! satisfies

d*u mo
a2 'S IE

dy + 3mu’.

(d) For situations where relativistic corrections are small one has mu < 1, and
hence the approximate equation

d*u

m
A

L2

holds for timelike geodesics. Show that the solution to this equation is the
conic section given in polar coordinates by

m
u= ﬁ(l + ecos(p — ¥0)),

where the integration constants € > 0 and ¢ are the eccentricity and the
argument of the pericenter.
(e) Show that for ¢ « 1 this approximate solution satisfies


http://dx.doi.org/10.1007/978-3-319-08666-8_4
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2
2N2m m

T

Argue that timelike geodesics close to circular orbits where relativistic cor-
rections are small yield approximate solutions of the equation

d*u + (1 6m?> m 1 3m?
il = Vu== - =),
dp? L2 L2 L2

and hence the pericenter advances by approximately

6mTm

7

radians per revolution.
(Remark: The first success of general relativity was due to this effect, which explained the anomalous
precession of Mercury’s perihelion—43 arcseconds per century).

Show that if one neglects relativistic corrections then null geodesics satisfy

d’u

dy
Show that the solution to this equation is the equation for a straight line in
polar coordinates,

L.
u= - sin(p — o),

where the integration constants » > 0 and ¢ are the impact parameter
(distance of closest approach to the center) and the angle between the line
and the x-axis.

Assume that mu < 1. Let us include relativistic corrections by looking for
approximate solutions of the form

e+ 20)
u = — (sin —v
p \ET
(where we take pg = 0 for simplicity). Show that v is an approximate
solution of the equation

d*v

—— 4+ v =3sin’ ,
d<p2+ 14

and hence u is approximately given by

b b

1/ . +m
u = — | Sin —
v 2

3 1
(f + 5 cos(2¢) + avcos ¢ + G sin cp)) ,
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where « and (3 are integration constants.
(h) Show that for the incoming part of the null geodesic (¢ =~ 0) one approxi-
mately has

m
u=0©¢=—3(2+a).

Similarly, show that for the outgoing part of the null geodesic (¢ >~ ) one
approximately has

u=0<:>cp=7r+%(2—oz).
Conclude that ¢ varies by approximately

A n 4m
=T —_—

4 b

radians along its path, and hence the null geodesic is deflected towards the

center by approximately
4m

b

radians.
(Remark: The measurement of this deflection of light by the Sun—1.75 arcseconds—was the first experi-

mental confirmation of general relativity, and made Einstein a global celebrity overnight).

(6) (Birkhoff theorem) Prove that the only Ricci-flat Lorentzian metric given in local
coordinates (¢, r, 6, ©) by

g = A%(t,r)dt @ dt + B>(t, r)dr @ dr + r>d0 & df + r’ sin® 0dp ® dp

is the Schwarzschild metric. Loosely speaking, spherically symmetric mass
configurations do not radiate.

(7) (a) Show that the radial timelike or null geodesics in the regions {r > 2m}
and {r < 2m} of the Schwarzschild spacetime cannot be extended as they
approach r = 0 or r = 2m.

(b) Show that the radial timelike or null geodesics in the Painlevé extension of
the Schwarzschild spacetime can be extended to the future, but not to the
past, as they approach r = 2m.

(c) Show that radial observers satisfying

dr . [2m
dr r

in the Painlevé coordinates are free-falling, and that ¢’ is their proper time.
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(d) What does a stationary observer see as a particle falls into a black hole?
(8) Show that an observer who crosses the horizon will hit the singularity in a proper
time interval A7 < wm.

6.6 Cosmology

Cosmology studies the behavior of the universe as a whole. Experimental observa-
tions (chiefly that of the cosmic background radiation) suggest that space is isotropic
at the Earth’s location. Assuming the Copernican principle that the Earth’s loca-
tion in the universe is not in any way special, we take an isotropic (hence constant
curvature) 3-dimensional Riemannian manifold (X, &) as our model of space. We
can always find local coordinates (r, 8, ©) on X such that

1
h:a2(1 k2dr®dr+r2d9®d9+rzsin29dga®d<p),
— kr

where a > 0 is the “radius” of space and k = —1, 0, 1 according to whether the cur-
vature is negative, zero or positive [cf. Exercise 6.1(1)]. Allowing for the possibility
that the “radius” of space may be varying in time, we take our model of the universe
tobe (M, g), where M = R x ¥ and

1 2 2 .2
r2dr®dr+r df ® df + r- sin 0dg0®d<p).

= —dt @ dt + a’(t
g ® +a()(1_k

These are the so-called Friedmann-Lemaitre-Robertson—Walker (FLRW) mod-
els of cosmology.
One can easily compute the Ricci curvature for the metric g. We have

g=-" QW+ @u +u! @ +uwP @w?
with

W0 =dt;

_1
W =al(t) (l — krz) S dr;
W’ =a(t)rdo,
w¥ =a(t)rsinbdyp,

and hence {w°, ", w?, w¥} is an orthonormal coframe. The first structure equations
yield
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_1
w?:w{):d(l —krz) *dr;
wg = wg =ard®,
wg = wg = arsin 0dy;

1
wf = —wp = (1 —kr2)2 do;

3
wf = —w; = (1 — krz) sin Od p;
wy = —wi = cos Adp.

The curvature forms can be computed from the second structure equations, and
are found to be

g
Q=0 = - AW
a
a
Qongz w0 AW
a

, d .
Q?& =Qf = —w¥ A w?;

a
k a®
0 _ _or _ 0 r.
Q) = 9—(—a2+—a2 W AW
k a®
Y _ ro__ [%2) r.
Qf = Q"’_(_a2+_a2 W AW

ko a?
QP =—Q = (5 +5 ) Al
0 ¢ (a2+a2)w w

The components of the curvature tensor on the orthonormal frame can be read
off from the curvature forms, and can in turn be used to compute the components of
the Ricci curvature tensor Ric on the same frame. The nonvanishing components of
Ric on this frame turn out to be

3d
Rop = ——;
a
a  2a* 2k
Rrr=R09=R§a¢=;+a—2 a_2

At very large scales, galaxies and clusters of galaxies are expected to behave as
particles of a pressureless fluid, which we take to be our matter model. By isotropy,
the average spatial motion of the galaxies must vanish, and hence their unit velocity
vector field must be % (corresponding to the 1-form —drt). Therefore the Einstein
field equation is

Ric = 4mpQdt @ dt + g),
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which is equivalent to the ODE system

3d a2 k
—— =d4mp i+ —+—=0
a a+2a+2a

<
a  2a* 2k 3d
—+ =+ =4mp p=——

a a*> a?

The first equation allows us to determine the function a(t), and the second yields
p (which in particular must be a function of the ¢ coordinate only; this is to be taken to
mean that the average density of matter at cosmological scales is spatially constant).
On the other hand, the quantity

47rpa3 )
= —da
3
is constant, since
d( 2) d ac'z2+ka +3+ka 0
—(—-da*)=—(—+—)=aad+ — + — =
dt dt 2 2 2 2
Hence we have
. (6%
a = )
a

for some integration constant o (we take o > 0 so that p > 0). Substituting in the
equation for a(t) we get the first-order ODE

a? ok

Q@
2 a 2
This can be used to show that a(¢) is bounded if and only if k = 1 [cf. Exercise 6.1(4)].
Moreover, in all cases a(¢) vanishes (and hence a(t), d(t) and p(¢) blow up) for some
value of ¢, usually taken to be = 0. This singularity is called the big bang of the
solution defined for + > 0. It was once thought to be a consequence of the high
degree of symmetry of the FLRW models. Hawking and Penrose, however, showed
that the big bang is actually a generic feature of cosmological models (cf. Sects. 6.8
and 6.9).

The function .
H() ==

a

is (somewhat confusingly) called the Hubble constant. It is easy to see from the

above equations that
H? 4 k 8w
a2 3"
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Therefore, in these models one has k = —1, k = 0 or k = 1 according to whether the
average density p of the universe is smaller than, equal to or bigger than the so-called
critical density
_ 3H?
Pec = .

These models were the standard models for cosmology for a long time. Currently,
however, things are thought to be slightly more complicated [cf. Exercise 6.1(7)].

Exercise 6.1

(1) Show that the Riemannian metric / given in local coordinates (r, €, ©) by

1
h:“2(1 k2dr®dr+r2d9®d9+rzsin29d<p®dap)
— Kr

has constant curvature K = a%

(2) The motions of galaxies and groups of galaxies in the FLRW models are the
integral curves of (%. Show that these are timelike geodesics, and that the time
coordinate ¢ is the proper time of such observers.

(3) Consider two galaxies in a FLRW model, whose spatial locations can be assumed
tobe r = 0and (r, 0, ¢) = (r1, 01, p1). Show that:

(a) the spatial distance d(¢) between the two galaxies along the spatial Rie-
mannian manifold of constant ¢ satisfies the Hubble law

d=Hd,
where H = a/a is the Hubble constant;

(b) the family (reparameterized) null geodesics connecting the first galaxy to
the second galaxy can be written as

(t,r,0,0) =@ 10),r01,01) (O<r<rp),

where (7 (r, tp)) is the solution of

dr _ a@)
dr 1 —kr? )
(0, 10) = 19

(© g_tto(rl’ 1) = %, where 1] = t(ry, tp).

(Remark: This means that light emitted by the first galaxy with period T is measured by the second galaxy

. s alty)
to have period 7* = ato) T).
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Recall that in an FLRW model the “radius” of space, a(t), evolves according to

the ODE
o

=—= = d=-——.
2 a?

a

2

[3S]
SRS
»

Show that:

(a) a(t) vanishes in finite time (assume that this happens at ¢t = 0);

(b) if k = —1 or k = 0 then the solution can be extended to all values of t > 0;

(c) if k = 1 then the solution cannot be extended past ¢t = 27« (big crunch);

(d) if k£ = 1 then no observer can circumnavigate the universe, no matter how
fast he moves;

(e) the solution can be given parametrically by:

1) k=1:
a=«a(l —cosu)
t = a(u — sinu)
(i) k=0:
a= %uz
t:%u3 '
(iil) k= —1:

a = a(coshu — 1)
t = a(sinhu — u)

Show that the FLRW model with k& = 1 is isometric to the hypersurface with

equation

2

\/x2+y2+zz+w2=204——
8

in the 5-dimensional Minkowski spacetime (RS, g) with metric
g=—dt®dt+dx@dx +dy®dy+dz®dz+dw  dw.

(A model of collapse) Show that the radius of a spherical shell » = rg in a
FLRW model changes with proper time in exactly the same fashion as the radius
of a radially free-falling spherical shell in a Schwarzschild spacetime of mass
parameter m moving with energy parameter E [cf. Exercise5.1(5)], provided

that
Im = arg’

E? — 1= —kro?
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Therefore these two spacetimes can be matched along the 3-dimensional hyper-
surface determined by the spherical shell’s motion to yield a model of collapsing
matter. Can you give a physical interpretation of this model?

Show that if we allow for a cosmological constant A € R, i.e. for an Einstein
equation of the form

Ric=4mpRv®v+g) + Ag

then the equations for the FLRW models become

a2 A, k
—_—— = —q = ——
2 a 6 2
4m 4

ER

Analyze the possible behaviors of the function a(?).

(Remark: It is currently thought that there indeed exists a positive cosmological constant, also known as dark
energy. The model favored by experimental observations seems to be k =0, A > 0).

Consider the 5-dimensional Minkowski spacetime (R3, g) with metric

g=—dtdt +dx@dx +dy®dy+dz®dz+dw ®dw.

Show that the induced metric on each of the following hypersurfaces determines
FLRW models with the indicated parameters.

(a) Einstein universe: the “cylinder” of equation

1
2 2 2 2
+ + +w = —,
X4y 4z

satisfiesk =1, A > O and p = 4%-
(b) de Sitter universe: the “sphere” of equation

3
—xyt bt =~

satisfiesk = 1, A > 0 and p = 0.

A light signal emitted with period T and received with period 7’ is said to have
suffered a redshift -
=—-1
T

[so that in the case of the Doppler effect one has z >~ v for small velocities,
cf. Exercise 2.2(9)]. If the light is emitted by a galaxy at r = 0 at time ¢ = #;
and received by a galaxy at r = ry at time t = #; then its redshift is
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. a(ty)
a(to)

[cf. Exercise 6.1(3)]. This light is spread over a sphere of radius R = a(t;)ry,
and so its brightness is inversely proportional to RZ. Compute R as a function
of z for the following FLRW models:

(a) Milne universe (k = —1, « = A = 0), for which a(t) = t;

(b) Flat de Sitter universe (k = o = 0, A = 3H?), for which a(t) = e’;

(c) Einstein—de Sitter universe (k = A = 0, o = 2/91,2), for which a(t) =
(t/n)*3.
(Remark: The brightness of distant galaxies is further reduced by a factor of (1 + 2)2, since each photon
has frequency, hence energy, (1 + z) times smaller at reception, and the rate of detection of photons is (1 +z)
times smaller than the rate of emission; with this correction, R can be deduced from the observed brightness
for galaxies of known luminosity, and the correct FLRW model chosen as the one whose curve R = R(z)

best fits observations).

6.7 Causality

In this section we will study the causal features of spacetimes. This is a subject
which has no parallel in Riemannian geometry, where the metric is positive definite.
Although we will focus on 4-dimensional Lorentzian manifolds, the discussion can
be easily generalized to any dimension n > 2.

A spacetime (M, g) is said to be time-orientable if there exists a vector field
X € X(M) such that (X, X) < 0. In this case, we can define a time orientation on
each tangent space T, M (which is, of course, isometric to Minkowski spacetime)
by choosing the timelike vectors in the connected component C(X ) to be future-
pointing.

Assume that (M, g) is time-oriented (i.e. time-orientable with a definite choice of
time orientation). A timelike curve ¢ : I C R — M is said to be future-directed if ¢
is future-pointing. The chronological future of p € M is the set I ™ (p) of all points
to which p can be connected by a future-directed timelike curve. A future-directed
causal curve is a curve ¢ : I C R — M such that ¢ is timelike or null and future-
pointing (if nonzero). The causal future of p € M is the set J(p) of all points to
which p can be connected by a future-directed causal curve. Notice that 17 (p) is
simply the set of all events which are accessible to a particle with nonzero mass at
p, whereas J T (p) is the set of events which can be causally influenced by p (as this
causal influence cannot propagate faster than the speed of light). Analogously, the
chronological past of p € M is the set I~ (p) of all points which can be connected
to p by a future-directed timelike curve, and the causal past of p € M is the set
J ™ (p) of all points which can be connected to p by a future-directed causal curve.

In general, the chronological and causal pasts and futures can be quite complicated
sets, because of global features of the spacetime. Locally, however, causal properties
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are similar to those of Minkowski spacetime. More precisely, we have the following
Statement:

Proposition 7.1 Let (M, g) be a time-oriented spacetime. Then each point pg € M
has an open neighborhood V. C M such that the spacetime (V, g) obtained by
restricting g to 'V satisfies:

(1) V is a normal neighborhood of each of its points, and given p,q € V there
exists a unique geodesic (up to reparameterization) joining p to q (i.e. V is
geodesically convex);

(2) q € I'*(p) ifand only if there exists a future-directed timelike geodesic connect-
ing ptoq;

(3) JH(p) =17 (p);

(4) q € JT(p) \ I (p) if and only if there exists a future-directed null geodesic
connecting p to q.

Proof Let U be a normal neighborhood of pg and choose normal coordinates
(xo, x!, %2, x3) on U, given by the parameterization

o(x% x! x%, %% = exppo(xovo + x'vp + x%vy 4 x3v3),

where {vo, v, v2, v3} is a basis of T, (M) [cf. Exercise 4.8(2) in Chap.3]. Let D :
U — R be the differentiable function

3

D(p) = (x*(p))°,

a=0

and let us define for each ¢ > 0 the set
B.:={peU|D(p) <e},

which for sufficiently small ¢ is diffeomorphic to an open ball in 7, M . Assume, for
simplicity, that U is of this form.

Let us show that there exists p > O such thatif ¢ : I C R — B, is a geodesic
then all critical points of D(¢) := D(c(¢)) are strict local minima. In fact, setting
xH(t) ;= x*(c(t)), we have

3
D(t) =2 x" ()i (t);
a=0
3 3
Doy=2>" (i°0)* +2D x i)
a=0 a=0

3 3
=2 Z (6m/ - Z Fﬁy(c(l‘))xa(l‘))fC#(Z‘)fcy(l‘),
a=0

w,v=0
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and for p sufficiently small the matrix

3
« «
O — Z rx
a=0

is positive definite on B),.
Considerthemap F : W C TM — M x M, defined on some open neighborhood
W of 0 e Tp,M by
F(v) = (m(v), exp(v)).

As we saw in the Riemannian case (cf. Chap. 3, Sect.3.4), this map is a local dif-
feomorphism at 0 € 7,y M. Choosing J > 0 sufficiently small and reducing W, we
can assume that /" maps W diffeomorphically to Bs x By, and that exp(tv) € B, for
allt € [0, 1] and v € W (as otherwise it would be possible to construct a sequence
v, — 0 € Ty, M such that exp(v,) 7 po).

Finally, set V = Bs. If p,g € Vand v = F~Y(p, q), then c(r) = exp,, (1v) isa
geodesic connecting p to g whose image is contained in B),. If its image were not
contained in V, there would necessarily exist a point of local maximum of D(¢),
which cannot occur. Therefore, there is a geodesic in V connecting p to g. Since
exp,, is a diffeomorphism onto V', this geodesic is unique (up to reparameterization).
This proves (1).

To prove assertion (2), we start by noticing that if there exists a future-directed
timelike geodesic connecting p to ¢ then it is obvious that ¢ € ™ (p). Suppose now
that ¢ € I™(p); then there exists a future-directed timelike curve ¢ : [0, 1] — V
such that ¢(0) = p and c¢(1) = ¢g. Choose normal coordinates (0, x!, x%, x3) given
by the parameterization

2

go(xo, xl,x s x3) = expp(xOEo +x1E1 + x2E2 + x3E3),

where {Eq, E1, E2, E3} is an orthonormal basis of T), M with E timelike and future-
pointing. These are global coordinates in V, since F : W — V x V is a diffeomor-
phism. Defining

2 2 2 2
Wy(q) = — (xo(q)) + (xl(q)) + (xz(q)) + (x3(q))
3
= > ' @x" (@),
w,v=0
with (1,,) = diag(—1,1,1,1), we have to show that W,(q) < 0. Let

W,(t) = Wp(c()). Since x*(p) = 0 (n = 0,1,2,3), we have W,(0) = 0.
Setting x#(¢) := x*(c(t)), we obtain
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3
Wp() =2 D" mux!(O# (1);
n,v=0

3 3
Wp(0) =2 D" nuxtOF @) +2 D nut' O,

p,v=0 =0
and consequently (recalling that (d exp P)O =1id)

W,(0) = 0;
W,,(O) = 2(¢(0), ¢(0)) < 0.

Therefore there exists € > 0 such that W, (¢) < 0 fort € (0, ¢).
Using the same ideas as in the Riemannian case (cf. Chap. 3, Sect. 3.4), it is easy
to prove that the level surfaces of W), are orthogonal to the geodesics through p.
Therefore, if ¢, (f) = exp (V) is the geodesic with initial condition v € T, M, we
have
(grad Wp)c, 1) = a(v)cy(1),

where the gradient of a function is defined as in the Riemannian case (notice, however,
that in the Lorentzian case a smooth function f decreases along the direction of
grad f if grad f is timelike). Now

. d d
((grad Wpleut)» Cv(”) = EWp(CU(t)) = EWp(Ctv(l))

d
= = (PWp(eo1)) = 2Wy (1),

and hence
((grad Wp)e, (1), ¢o (1)) = 2Wp(cp(1)).

On the other hand,

{(grad Wp)e, 1), co (D) = (a()éy (1), éu(1))
=a@)(v,v) = a()W,(cy(1)).

We conclude that a(v) = 2, and therefore
(grad Wp)c, 1) = 2¢y(1).
Consequently, grad W), is tangent to geodesics through p, being future-pointing on

future-directed geodesics.
Suppose that W, (t) < 0. Then (grad Wp)c( " is timelike future-pointing, and so
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W) = <(grad WP)c(z) , c'(t)> <0,

as ¢(t) is also timelike future-pointing [cf. Exercise2.2(2)]. We conclude that we
must have W, (¢t) < O for all ¢ € [0, 1]. In particular, W,(g) = W,(1) < 0, and
hence there exists a future-directed timelike geodesic connecting p to g.

To prove assertion (3), let us see first that I+ (p) C J*(p).If g € I (p), thenq is
the limit of a sequence of points ¢, € I (p). By (2), g, = exp,, (vy) withv, € T,M
timelike future-pointing. Since exp,, is a diffeomorphism, v, converges to a causal
future-pointing vector v € T, M, and so g = exp,(v) can be reached from p by a

future-directed causal geodesic. The converse inclusion J*(p) C I+ (p) holds in
general (cf. Proposition 7.2).

Finally, (4) is obvious from (3) and the fact that exp,, is a diffeomorphism onto
V. O

This local behavior can be used to prove the following global result.
Proposition 7.2 Let (M, g) be a time-oriented spacetime and p € M. Then:

(1) I (p) is open;

(2) J*(p) CIT(p);

(3) IT(p) =int JT(p)

(4) ifre JY(p)andq € IT(r) then g € I (p);
(5) ifrelt(p)andq € JT(r) thenq € I (p).

Proof Exercise7.10(2). (]

The generalized twin paradox [cf. Exercise2.2(8)] also holds locally for general
spacetimes. More precisely, we have the following statement:

Proposition 7.3 Let (M, g) be a time-oriented spacetime, po € M and V C M
a geodesically convex open neighborhood of po. The spacetime (V, g) obtained by
restricting g to V satisfies the following property: if p,q € V withq € I (p), c is
the timelike geodesic connecting p to q and vy is any timelike curve connecting p to
q, then 7(y) < 7(c), with equality if and only if vy is a reparameterization of c.

Proof Any timelike curve «y : [0, 1] — V satisfying 7(0) = p, v(1) = g can be
written as
v(t) = exp, (r(H)n(1)),
fort € [0, 1], where () > 0 and (n(¢), n(t)) = —1. We have
Y(@) = (exp,)« (F()n(t) + r(HHn()).

Since (n(t), n(t)) = —1, we have (n(t), n(t)) = 0, and consequently 7 (¢) is tangent
to the level surfaces of the function v — (v, v). We conclude that

Y@ =F(O) X 0 + Y (1),
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where X is the unit tangent vector field to timelike geodesics through p and
Y(t) = r(t)(expp)*r'z(t) is tangent to the level surfaces of W, (hence orthogonal
to X (). Consequently,

1
() =/](r'(t)xw)+Y(t),r‘(t)Xw>+Y(f))!%df
0

1
1
_ / (r‘(t)2 - |Y(t)|2)2 dt
0
1

=< /r'(t)dt =r() =7(0),

0

where we have used the facts that -~y is timelike, 7(t) > O for all ¢ € [0, 1] (as 7 is
future-pointing) and 7(c) = r(1) (as g = exp, (r(1)n(1))). It should be clear that
7(y) = 7(c) if and only if |Y(#)| = 0 & Y () = 0 (Y (¢) is spacelike or zero) for
all r € [0, 1], implying that n is constant. In this case, y(¢) = exp,, (r(t)n) is, up to
reparameterization, the geodesic through p with initial conditionn € T, M. [

There is also a local property characterizing null geodesics.

Proposition 7.4 Let (M, g) be a time-oriented spacetime, po € M and V. C M
a geodesically convex open neighborhood of po. The spacetime (V, g) obtained by
restricting g to 'V satisfies the following property: if for p,q € V there exists a
future-directed null geodesic ¢ connecting p to q and vy is a causal curve connecting
p to q then vy is a reparameterization of c.

Proof Since p and g are connected by a null geodesic, we conclude from Proposi-
tion 7.1 thatg € J*(p)\ I (p).Lety : [0, 1] — V be a causal curve connecting p
to g. Then we must have v(t) € JT(p)\ I+ (p) forallt € [0, 1],since y(tp) € I (p)
implies v(t) € I (p) for all t > 1 (see Proposition 7.2). Consequently, we have

<(grad WP)A/(;) ’ 'Y(t)> =0,
where W), was defined in the proof of Proposition 7.1. The formula
(grad Wp)c, (1) = 2¢4(1),

which was proved for timelike geodesics ¢, with initial condition v € T, M, must also
hold for null geodesics (by continuity). Hence grad W), is tangent to the null geodesics
ruling J™(p) \ I (p) and future-pointing. Since *(¢) is also future-pointing, we
conclude that 7 is proportional to grad W), [cf. Exercise 2.2(8)], and therefore v must
be a reparameterization of a null geodesic (which must be c). O
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Corollary 7.5 Let (M, g) be a time-oriented spacetime and p € M. If g € JT
(p) \ I (p) then any future-directed causal curve connecting p to q must be a
reparameterized null geodesic. O

For physical applications, it is important to require that the spacetime satisfies rea-
sonable causality conditions. The simplest of these conditions excludes time travel,
i.e. the possibility of a particle returning to an event in its past history.

Definition 7.6 A spacetime (M, g) is said to satisfy the chronology condition if it
does not contain closed timelike curves.

This condition is violated by compact spacetimes:
Proposition 7.7 Any compact spacetime (M, g) contains closed timelike curves.

Proof Taking if necessary the time-orientable double covering [cf. Exercise 7.10(1)],
we can assume that (M, g) is time-oriented. Since /7 (p) is an open set for any
p € M, it is clear that {I+(p)}p€M is an open cover of M. If M is compact, we
can obtain a finite subcover {I T (p1), ..., I (pn)}. Nowif p; € IT(p;) fori # 1
then I (p;) C I (p;), and we can exclude I+ (p;) from the subcover. Therefore,
we can assume without loss of generality that p; € I (p;), and hence there exists
a closed timelike curve starting and ending at p;. ]

A stronger restriction on the causal behavior of the spacetime is the following:

Definition 7.8 A spacetime (M, g) is said to be stably causal if there exists a global
time function, i.e. a smooth function # : M — R such that grad() is timelike.

In particular, a stably causal spacetime is time-orientable. We choose the time
orientation defined by — grad(¢), so that ¢ increases along future-directed time-
like curves. Notice that this implies that no closed timelike curves can exist,
i.e. any stably causal spacetime satisfies the chronology condition. In fact, any small
perturbation of a stably causal spacetime still satisfies the chronology condition
[cf. Exercise 7.10(4)].

Let (M, g) be a time-oriented spacetime. A smooth future-directed causal curve
c : (a,b) - M (with possibly a = —oo or b = 400) is said to be future-
inextendible if lim;_.; c(¢#) does not exist. The definition of a past-inextendible
causal curve is analogous. The future domain of dependence of S C M is the set
D*(S) of all events p € M such that any past-inextendible causal curve starting at p
intersects S. Therefore any causal influence on an event p € D (S) had to register
somewhere in S, and one can expect that what happens at p can be predicted from
data on S. Similarly, the past domain of dependence of S is the set D™ (S) of all
events p € M such that any future-inextendible causal curve starting at p intersects
S. Therefore any causal influence of an event p € D™ (S) will register somewhere
in S, and one can expect that what happened at p can be retrodicted from data on S.
The domain of dependence of S is simply the set D(S) = DT (S) U D™ (S).

Let (M, g) be a stably causal spacetime with time function # : M — R. The level
sets S, = t~!(a) are said to be Cauchy hypersurfaces if D(S,) = M. Spacetimes
for which this happens have particularly good causal properties.
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Definition 7.9 A stably causal spacetime possessing a time function whose level
sets are Cauchy hypersurfaces is said to be globally hyperbolic.

Notice that the future and past domains of dependence of the Cauchy hypersur-
faces S, are DT(S,) =t~ ([a, +00)) and D~ (S,) =t~ ((—00, a)).

Exercise 7.10

(1) (Time-orientable double covering) Using ideas similar to those of Exer-
cise 8.6(9) in Chap. 1, show that if (M, g) is a non-time-orientable Lorentzian
manifold then there exists a time-orientable double covering, i.e. a time-
orientable Lorentzian manifold (M, ¢) and a local isometry 7 : ‘M — M such
that every point in M has two preimages by 7. Use this to conclude that the
only compact surfaces which admit a Lorentzian metric are the torus 72 and
the Klein bottle K2.

(2) Let (M, g) be a time-oriented spacetime and p € M. Show that:

(@) I"(p) is open;

(b) JT(p) is not necessarily closed;

() JT(p) C It (p);

(d) It(p) =intJ*(p)

(e) ifreJt(p)andg € IT(r) theng € I (p);
(f) ifreI™(p)andg € JT(r) theng € I (p);
(g) it may happen that I™(p) = M.

(3) Consider the 3-dimensional Minkowski spacetime (R3, g), where
g=—dtdt +dx ®dx +dy ®dy.

Letc : R — R3 be the curve ¢(7) = (¢, cost, sin ¢). Show that although ¢(¢) is
null for all # € R we have ¢(t) € I7(c(0)) for all + > 0. What kind of motion
does this curve represent?

(4) Let (M, g) be a stably causal spacetime and % an arbitrary symmetric (2, 0)-
tensor field with compact support. Show that for sufficiently small |¢| the tensor
field g- := g + ¢h is still a Lorentzian metric on M, and (M, g.) satisfies the
chronology condition.

(5) Let (M, g) be the quotient of the 2-dimensional Minkowski spacetime by the
discrete group of isometries generated by the map f(¢,x) = (¢ + 1, x + 1).
Show that (M, g) satisfies the chronology condition, but there exist arbitrarily
small perturbations of (M, g) [in the sense of Exercise 7.10(4)] which do not.

(6) Let (M, g) be a time-oriented spacetime and S C M. Show that:

(a) S c DF(S);
(b) D™(S) is not necessarily open;
(c) DT(S) is not necessarily closed.

(7) Let (M, g) be the 2-dimensional spacetime obtained by removing the positive
x-semi-axis of Minkowski 2-dimensional spacetime (cf. Fig. 6.8). Show that:
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D(S) JHP)

Fig. 6.8 Stably causal but not globally hyperbolic spacetime

(a) (M, g) is stably causal but not globally hyperbolic;

(b) there exist points p, ¢ € M such that J*(p) N J~(g) is not compact;

(c) there exist points p, g € M with g € I™(p) such that the supremum of the
lengths of timelike curves connecting p to ¢ is not attained by any timelike
curve.

(8) Let (X, h) be a 3-dimensional Riemannian manifold. Show that the spacetime
M, g) =R x ¥, —dt ® dt + h) is globally hyperbolic if and only if (X, h)
is complete.

(9) Show that the following spacetimes are globally hyperbolic:

(a) the Minkowski spacetime;

(b) the FLRW spacetimes;

(c) the region {r > 2m} of Schwarzschild spacetime;
(d) the region {r < 2m} of Schwarzschild spacetime.

(10) Let (M, g) be a global hyperbolic spacetime with Cauchy hypersurface S. Show
that M is diffeomorphic to R x S.

6.8 Hawking Singularity Theorem

As we have seen in Sects. 6.5 and 6.6, both the Schwarzschild solution and the FLRW
cosmological models display singularities, beyond which timelike and null geodesics
cannot be continued.

Definition 8.1 A spacetime (M, g) is said to be singular if it is not geodesically
complete.

It was once thought that the examples above were singular due to their high degree
of symmetry, and that more realistic spacetimes would be nonsingular. Following
Hawking and Penrose [Pen65, Haw67, HP70], we will show that this is not the case:
any sufficiently small perturbation of these solutions will still be singular.
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The question of whether a given Riemannian manifold is geodesically complete
is settled by the Hopf-Rinow theorem. Unfortunately, this theorem does not hold
in Lorentzian geometry (essentially because one cannot use the metric to define a
distance function). For instance, compact manifolds are not necessarily geodesically
complete [cf. Exercise 8.12(1)], and the exponential map is not necessarily surjective
in geodesically complete manifolds [cf. Exercise 8.12(2)].

Let (M, g) be a globally hyperbolic spacetime and S a Cauchy hypersurface with
future-pointing unit normal vector field n. Let ¢, be the timelike geodesic with initial
condition 7, for each point p € S. We define a smooth map exp : U — M on an
open set U C R x § containing {0} x § as exp(, p) = cp(?).

Definition 8.2 The critical values of exp are said to be conjugate points to S.

Loosely speaking, conjugate points are points where geodesics starting orthogo-
nally at nearby points of S intersect.

Let ¢ = exp(ty, p) be a point not conjugate to S, and let (x1 L x2, x3) be local
coordinates on S around p . Then (¢, x!, %2, x3) are local coordinates on some open
set V > ¢. Since (% is the unit tangent field to the geodesics orthogonal to S, we

have goo = <%, %> = —1. On the other hand, we have

990 _ 00 O\ [0 o O
ot _ or\or oxi|  \or dwox

t
(o, 9\_19 o o\ _,
“\or iroar] T 205 \or o1

fori = 1,2, 3, and, since go; = 0 on S, we have go; = 0 on V. Therefore the
surfaces of constant # are orthogonal to the geodesics tangent to %. For this reason,
(t, x!, xz, x3) is said to be a synchronized coordinate system. On this coordinate

system we have
3

g=—dtdt+ Z 'yijdxi ®dxj,
i j=1

|9 9
T\ Bx B
0

form a positive definite matrix. Since the vector fields 5,7 can always be defined
along ¢, the matrix (v;;) is also well defined along ¢, even at points where the
synchronized coordinate system breaks down, i.e. at points which are conjugate to
S. These are the points for which ~(¢) := det (7,- J (t)) vanishes, since only then will

o0 0 o) 0 . . . o)
{E’ 7T 52 W} fail to be linearly independent. (In fact the vector fields 7,7 are

Jacobi fields along ¢ ,—see Exercise 4.8(6) in Chap. 3).

where the functions
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It is easy to see that
3
Too=Th =0 and Ty => +*Gy,

where (v//) = ('yij)_l and §;; = éa%’ [cf. Exercise 8.12(4)]. Consequently,

3

ROO_ZR Z a(,;é" ar;o Zr’r' ZF oTb,

Z_g Z’V”ﬂl} z ’Y ’7 Bkzﬂl]

(cf. Chap.4, Sect.6.1). The quantity

3
= Z v Bij

i,j=1

appearing in this expression is called the expansion of the synchronized observers,
and has an important geometric meaning:

1 10 10 0 1
f=t ((%’j) 15(%’]')) =57, 1087 = 5 logv2.

Here we have used the formula
(log(det A)) = tr (A”A/)

which holds for any smooth matrix function A : R — G L(n) [cf. Example 7.1(4) in
Chap. 1]. Therefore the expansion yields the variation of the 3-dimensional volume
element measured by synchronized observers. More importantly for our purposes,
we see that a singularity of the expansion indicates a zero of v, i.e. a conjugate point
to S.

Definition 8.3 A spacetime (M, g) is said to satisfy the strong energy condition if
Ric(V, V) > 0 for any timelike vector field V € X(M).

By the Einstein equation, this is equivalent to requiring that the reduced energy-
momentum tensor 7 satisfies T (V, V) > 0 for any timelike vector field V € X(M).
In the case of a pressureless fluid with rest density function p € C° (M) and unit
velocity vector field U € X (M), this requirement becomes
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2 l
p\ (U, V) +§(V,V) >0,

or, since the term in brackets is always positive [cf. Exercis 8.12(5)], simply p > 0.
For more complicated matter models, the strong energy condition produces equally
reasonable restrictions.

Proposition 8.4 Let (M, g) be a globally hyperbolic spacetime satisfying the strong
energy condition, S C M a Cauchy hypersurface and p € S a point where 6 = 6y <

0. Then the geodesic c), contains at least a point conjugate to S, at a distance of at

most —% to the future of S (assuming that it can be extended that far).

Proof Since (M, g) satisfies the strong energy condition, we have Ropp = Ric
(%, %) > 0 on any synchronized frame. Consequently,

0 <
T > AN BB <0
i jkl=1

on such a frame. Choosing an orthonormal basis (where v/ = §; j) and using the
inequality

(tr A)? < ntr(A'A),

which holds for square n x n matrices (as a simple consequence of the Cauchy—
Schwarz inequality), it is easy to show that

3 3
o - G = 'l
Z ’y/kvllﬁkiﬂlj = § ﬁ/iﬁz‘j =tr ((ﬁij)( "/)I) = 302.

i j k=1 ij=1

Consequently § must satisfy

Integrating this inequality yields

>1+
_90

s

| =
W ~

and hence 6 must blow up at a value of # no greater than —g—o. (]
Proposition 8.5 Let (M, g) be a globally hyperbolic spacetime, S a Cauchy hyper-
surface, p € M and c a timelike geodesic through p orthogonal to S. If there exists
a conjugate point between S and p then ¢ does not maximize length (among the
timelike curves connecting S to p).
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Fig. 6.9 Proof of Proposition 8.5

Proof We will offer only a sketch of the proof. Let g be the first conjugate point along
c between S and p. Then we can use a synchronized coordinate system around the
portion of ¢ between S and ¢q. Since ¢ is conjugate to S, there exists another geodesic
¢, orthogonal to S, with the same length 7(¢g), which (approximately) intersects ¢ at
q. Let V be a geodesically convex neighborhood of ¢, let r € V be a point along ¢
between S and ¢, and let s € V be a point along ¢ between g and p (cf. Fig.6.9).
Then the piecewise smooth timelike curve obtained by following ¢ between S and
r, the unique geodesic in V between r and s, and ¢ between s and p, connects S to
p and has strictly bigger length than ¢ (by the generalized twin paradox). This curve
can be easily smoothed while retaining bigger length than c. ]

Proposition 8.6 Let (M, g) be a globally hyperbolic spacetime, S a Cauchy hyper-
surface and p € DV(S). Then DT (S) N J~(p) is compact.

Proof Let us define a simple neighborhood U C M to be a geodesically convex
open set diffeomorphic to an open ball whose boundary is a compact submanifold of
a larger geodesically convex open set (therefore QU is diffeomorphic to $ and U is
compact). It is clear that simple neighborhoods form a basis for the topology of M.
Also, it is easy to show that any open cover {V,},ec4 has a countable, locally finite
refinement {U, },cN by simple neighborhoods [cf. Exercise 8.12(7)].

If A = DT (S) N J~(p) were not compact, there would exist a countable, locally
finite open cover {U,},eN of A by simple neighborhoods not admitting any finite
subcover. Take g, € A N U, such that g, # g, for m # n. The sequence {g;},eN
cannot have accumulation points, since any point in M has a neighborhood intersect-
ing only finite simple neighborhoods U,,. In particular, each simple neighborhood
U, contains only a finite number of points in the sequence (as U, is compact).

Set p; = p. Since p| € A, we have p; € U,, forsome n; € N. Let g, & Uy,.
Since g, € J~ (p1), there exists a future-directed causal curve ¢, connecting g, to
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Fig. 6.10 Proof of Proposition 8.6

p1. This curve will necessarily intersect OU,, . Let rq , be an intersection point. Since
U,,, contains only a finite number of points in the sequence {g, },cN, there will exist
infinite intersection points ry ,,. As OU,, is compact, these will accumulate to some
point py € OU,, (cf. Fig.6.10).

Because Unl is contained in a geodesically convex open set V, which can be
chosen so that v — (7(v), exp(v)) is a diffeomorphism onto V x V, we have p; €
J 7 (p1):if 1, is the unique causal geodesic connecting p; to rq ,, parameterized by
the global time function# : M — R, then the subsequence of {v; ,} corresponding to
a convergent subsequence of {r; ,} will converge to a causal geodesic 7y connecting
prtopr. If S = 1 (0) then we have # (1 ,,) > 0, implying that #(p2) > 0 and hence
p2 € A. Since py & Uy, there must exist np € N such that py € U,,.

Since Uy, contains only a finite number of points in the sequence {g,},cN, an
infinite number of curves ¢, must intersect OU,, to the past of ry ,. Let r , be the
intersection points. As 9U,, is compact, {r, ,} must accumulate to some point p3 €
0U,,. Because Unz is contained in a geodesically convex open set, p3 € J ™ (p2):
if 2., is the unique causal geodesic connecting ry , to r ,, parameterized by the
global time function, then the subsequence of {2 ,} corresponding to convergent
subsequences of both {ry ,} and {r; ,} will converge to a causal geodesic connecting
p2to p3.Since J ™ (p2) C J~(p1) and t(r2,,) = 0 = £(p3) > 0, we have p3 € A.

Iterating the procedure above, we can construct a sequence {p;};cn of points in
A satisfying p; € Uy, withn; # nj if i # j, such that p; is connected to p; 11 by a
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causal geodesic ;. It is clear that ; cannot intersect S, for # (p;11) > t(pi+2) > O.
On the other hand, the piecewise smooth causal curve obtained by joining the curves
~; can easily be smoothed into a past-directed causal curve starting at p; which does
not intersect S. Finally, such a curve is inextendible: it cannot converge to any point,
as {pi}ien cannot accumulate. But since p; € DT (S), this curve would have to
intersect S. Therefore A must be compact. (I

Corollary 8.7 Let (M, g) be a globally hyperbolic spacetime and p,q € M. Then

(i) JT(p) is closed;
(i) JT(p) N J~(q) is compact.

Proof Exercise 8.12(8). O

Proposition 8.6 is a key ingredient in establishing the following fundamental
result.

Theorem 8.8 Let (M, g) be a globally hyperbolic spacetime with Cauchy hyper-
surface S, and p € D™V (S). Then, among all timelike curves connecting p to S,
there exists a timelike curve with maximal length. This curve is a timelike geodesic,
orthogonal to S.

Proof Consider the set T'(S, p) of all timelike curves connecting S to p. Since
we can always use the global time function t+ : M — R as a parameter, these
curves are determined by their images, which are compact subsets of the compact set
A = DV(S)NJ(p). As is well known (cf. [Mun00]), the set C(A) of all compact
subsets of A is a compact metric space for the Hausdorff metric dy, defined as
follows: if d : M x M — R is a metric yielding the topology of M,

dy(K,L) =inf{e > 0| K C U.(L) and L C U.(K)},

where U.(K) is a e-neighborhood of K for the metric d. Therefore, the closure
C(S, p) := T(S, p) is a compact subset of C(A). It is not difficult to show that
C(S, p) can be identified with the set of continuous causal curves connecting S to
p (a continuous curve ¢ : [0, 1(p)] — M is said to be causal if c(2) € J*(c(t1))
whenever 1p > 17).

The length function 7 : T (S, p) — R is defined by

t(p)
7(c) := / |¢(t)|dt.
0

This function is upper semicontinuous, i.e. continuous for the topology
O ={(-00,a) | —00 = a = +o0}

in R. Indeed, let ¢ € T (S, p) be parameterized by its arclength u. For a sufficiently
small ¢ > 0, the function u can be extended to the e-neighborhood U, (c) in such a
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Fig. 6.11 Proof of Theorem 8.8

way that its level hypersurfaces are spacelike and orthogonal to c, that is, — grad u is
timelike and coincides with ¢ on ¢ (cf. Fig.6.11). If v € T (S, p) is in the open ball
B-(c) C C(A) for the Hausdorff metric dy then we can use u as a parameter, thus
obtaining

du(y) =14 (y,gradu) = 1.

Therefore 7 can be decomposed as

1
y = ——— grad X,
7 (grad u, grad u) gradu -+

where X is spacelike and orthogonal to grad u, and so

1
1 2
V=|—— 4+ (X, X

171 '(gradu,gradu)+< )

Given § > 0, we can choose ¢ > 0 sufficiently small so that

! 1+ 5 Y
—_— <
(grad u, grad u) 271(c)

on the e-neighborhood U, (c) (as (grad u, grad u) = —1 along c¢). We have



306 6 Relativity

7(c)

t(p) J t(p) d
v . au .
T(7) /‘w‘ (/Mm /Iﬂu
0 0

u(yns)

where we have to allow for the fact that c is not necessarily orthogonal to S, and so
the initial point of ~y is not necessarily at u = 0 (cf. Fig. 6.11). Consequently,

7(c) 1

1 2
T(y) = —@aﬁzagrwxxﬂdu
u(yNS)
7(c)
/ (1+ 0 )du— (I—I—L)(T(c)—u( nS))
= 27(0) - 27(0) 7 '
u(yns)

Choosing ¢ sufficiently small so that

(_l_ %)_1
ul<\7o 73

on S N U:(c), we obtain 7() < 7(c) + 6, proving upper semicontinuity in 7'(S, p).
As a consequence, the length function can be extended to C (S, p) through

7(c) = lim sup{7(7) [ v € B:(c) N T(S. p)}

(as for ¢ > O sufficiently small the supremum will be finite). Also, it is clear that if
¢ € T(S, p) then the upper semicontinuity of the length forces the two definitions
of 7(c) to coincide. The extension of the length function to C(S, p) is trivially upper
semicontinuous: givenc € C(S, p)and§ > 0,lete > Obesuch that () < T(C)—i—%
for any v € Ba-(c) N T(S, p). Then it is clear that 7(c’) < 7(c) + g < 7(c) + ¢ for
any ¢’ € B(c).

Finally, we notice that the compact sets of R for the topology O are the sets
with a maximum. Therefore, the length function attains a maximum at some point
c € C(S, p). All that remains to be seen is that the maximum is also attained at a
smooth timelike curve «. To do so, cover ¢ with finitely many geodesically convex
neighborhoods and choose points py, ..., p in ¢ such that p; € S, px = p and the
portion of ¢ between p;_1 and p; is contained in a geodesically convex neighborhood
foralli = 2,..., k. Itis clear that there exists a sequence ¢, € T (S, p) such that
cn — cand 7(c,) — 7(c). Let t; = t(p;) and p; , be the intersection of ¢, with
t~1(#;). Replace ¢, by the sectionally geodesic curve 7, obtained by joining p;_1 ., to
pi.n in the corresponding geodesically convex neighborhood. Then 7(7y,) > 7(cp),
and therefore 7(y,) — 7(c). Since each sequence p; , converges to p;, y, converges
to the sectionally geodesic curve ~ obtained by joining p;_1 to p; (i = 2,...,k),
and it is clear that 7(v,) — 7(7) = 7(c). Therefore -y is a point of maximum for the
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length. Finally, we notice that v must be smooth at the points p;, for otherwise we
could increase its length by using the generalized twin paradox. Therefore v must
be a timelike geodesic. Using a synchronized coordinate system around 7(0), it is
clear that v must be orthogonal to S, for otherwise it would be possible to increase
its length. (]

We have now all the necessary ingredients to prove the Hawking singularity
theorem:

Theorem 8.9 (Hawking) Let (M, g) be a globally hyperbolic spacetime satisfying
the strong energy condition, and suppose that the expansion satisfies 0 < 6y < 0 on
a Cauchy hypersurface S. Then (M, g) is singular.

Proof We will show that no future-directed timelike geodesic orthogonal to S can
be extended to proper time greater than 79 = —93—0 to the future of S. Suppose
that this was not so. Then there would exist a future-directed timelike geodesic ¢
orthogonal to S, parameterized by proper time, defined in an interval [0, 79 + €]
for some € > 0. Let p = c(79 + €). According to Theorem 8.8, there would exist a
timelike geodesic v with maximal length connecting S to p, orthogonal to S. Because
7(c) = 10+ ¢, we would necessarily have 7(v) > 7 + €. Proposition 8.4 guarantees
that v would develop a conjugate point at a distance of at most 7y to the future of S,
and Proposition 8.5 states that v would cease to be maximizing beyond this point.
Therefore we arrive at a contradiction. (]

Remark 8.10 1t should be clear that (M, g) is singular if the condition 6§ < 6y < 0
on a Cauchy hypersurface S is replaced by the condition § > ¢y > 0 on S. In this
case, no past-directed timelike geodesic orthogonal to S can be extended to proper
time greater than 79 = % to the past of S.

Example 8.11

(1) The FLRW models are globally hyperbolic [cf. Exercise 7.10(9)], and satisfy the
strong energy condition (as p > 0). Moreover,

a 3a
ﬂl/—a7112>0— -

Assume that the model is expanding at time #y. Then 6 = 6y = % > 0 on
the Cauchy hypersurface S = {t = #}, and hence Theorem 8.9 guarantees that
this model is singular to the past of S (i.e. there exists a big bang). Moreover,
Theorem 8.9 implies that this singularity is generic: any sufficiently small pertur-
bation of an expanding FLRW model satisfying the strong energy condition will
also be singular. Loosely speaking, any expanding universe must have begun at
a big bang.

(2) The region {r < 2m} of the Schwarzschild solution is globally hyperbolic

[cf. Exercise 7.10(9)], and satisfies the strong energy condition (as Ric = 0).
The metric can be written in this region as
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2
g:—dT®dT+< - —1)dt®dt+r2d9®d6+rzsin29dap®d<p,

r

where

Therefore the inside of the black hole can be pictured as a cylinder R x §? whose
shape is evolving in time. As » — 0, the S contracts to a singularity, with the
t-direction expanding. Since

3

4

S Byjdx' @ dxl = dl (fﬁzdt®dt+rd9®d0+rsin2 9dgp®dcp),
T r

1
() (-3)
r roor

Therefore we have § = 6y < 0 on any Cauchy hypersurface S = {r = ro} with
ro < 37’”, and hence Theorem 8.9 guarantees that the Schwarzschild solution is
singular to the future of S. Moreover, Theorem 8.9 implies that this singularity
is generic: any sufficiently small perturbation of the Schwarzschild solution
satisfying the strong energy condition will also be singular. Loosely speaking,
once the collapse has advanced long enough, nothing can prevent the formation
of a singularity.

ij=1

we have

Exercise 8.12

(1) (Clifton—Pohl torus) Consider the Lorentzian metric

1

on M = R?\ {0}. The Lie group Z acts freely and properly on M by isometries
through
n-,v) =Q2",2"),

and this determines a Lorentzian metric g on M = M/Z = TZ2. Show that
(M, g) is not geodesically complete (although M is compact).
(Hint: Look for null geodesics with v = 0).
(2) (2-dimensional Anti-de Sitter universe) Consider R? with the pseudo-Riemannian
metric
g=—du®du—dv®dv+dwdw,

and let (M, g) be the universal covering of the submanifold
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N
wﬂl
8

Fig. 6.12 The exponential map is not surjective in the 2-dimensional Anti-de Sitter universe

H={uv,w eR|u>+>—w?=1))

with the induced metric. Show that:

(a) amodel for (M, g)is M =R x (=%, %) and

9= (—dt @ dt + dx ® dx)

cos? x
(Fig.6.12; hence (M, g) is not globally hyperbolic);

(b) (M, g) is geodesically complete, but exp,, is not surjective for any p € M
(Hint: Notice that each isometry of (R3, ) determines an isometry of (M, g));

(c) there exist points p,q € M connected by arbitrarily long timelike curves
[cf. Exercise 8.12(10)].

(3) By analogy with Exercise 3.3(5) in Chap.3, we can define a left-invariant
Lorentzian metric on the Lie group H = R x R* of Exercise 7.17(3) in
Chap. 1 as

1
9= —(=dt ®dt + dx ® dx).
X
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Show that this metric is not geodesically complete. (Remark: This cannot happen in
Riemannian geometry — cf. Exercise 5.8(4) in Chap. 3).
Show that the Christoffel symbols for the metric

3
g=—dtdt+ Z ’y,'jdxi ®dxj,
ij=1

satisfy

3
Foo=Tho =0 and T, = > 7*sy,
k=1

where (1) = (vi/)~" and §;; = 1 21

Show that if U is a unit timelike vector field and V is any timelike vector field
then (U, V)2 + % (V, V) is a positive function.

Show that a spacetime (M, g) whose matter content is a pressureless fluid
with rest density function p € C°°(M) and a cosmological constant A € R
[cf. Exercise 6.1(7)] satisfies the strong energy condition if and only if p > 0
and p > %.

Let (M, g) be a spacetime. Show that any open cover {V,, },c4 has a countable,
locally finite refinement {U,},cN by simple neighborhoods (i.e. U,cnU, =
Uqea Vo, for each n € N there exists a € A such that U, C V,, and each point
p € M has a neighborhood which intersects only finite simple neighborhoods
Uy).

Prove Corollary 8.7.

Let (M, g) be a globally hyperbolic spacetime, t : M — R a global time
function, S = r~!(0) a Cauchy hypersurface, p € D*(S) and A = D (S) N
J~(p). Show that the closure C(S, p) := T (S, p) in the space C(A) of all
compact subsets of A with the Hausdorff metric can be identified with the set
of continuous causal curves connecting S to p (parameterized by ¢).

Let (M, g) be a globally hyperbolic spacetime and p, ¢ € M withq € I (p).
Show that among all timelike curves connecting p to g there exists a timelike
curve with maximal length, which is a timelike geodesic.

Consider two events p and g on Schwarzschild spacetime corresponding to
the beginning and the end of a complete circular orbit of radius r [cf. Exer-
cise5.1(2)]. Show that the corresponding timelike geodesic is not maximal.
(Myers theorem) Use ideas similar to those leading to the proof of Theorem 8.9
to prove the Myers theorem: if (M, (-, -)) is a complete Riemannian manifold
whose Ricci curvature satisfies Ric(X, X) > (X, X) forsomee > Othen M is
compact. Can these ideas be used to prove a singularity theorem in Riemannian
geometry?

Explain why the Hawking singularity theorem does not apply to each of the
following spacetimes:
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(a) Minkowski spacetime;

(b) Einstein universe [cf. Exercise 6.1(8)];

(c) de Sitter universe [cf. Exercise 6.1(8)];

(d) 2-dimensional Anti-de Sitter universe [cf. Exercise 8.12(2)].

6.9 Penrose Singularity Theorem

Let (M, g) be a globally hyperbolic spacetime, S a Cauchy hypersurface with future-
pointing unit normal vector field n, and ¥ C S a compact 2-dimensional submanifold
with unit normal vector field v in S. Let ¢, be the null geodesic with initial condition
np + v, for each point p € 3. We define a smooth map exp : (—¢,¢6) x ¥ — M
for some € > 0 as exp(r, p) = ¢, ().

Definition 9.1 The critical values of exp are said to be conjugate points to X.

Loosely speaking, conjugate points are points where geodesics starting orthogo-
nally at nearby points of ¥ intersect [see also Exercise 4.8(6) in Chap. 3].

Let g = exp(rg, p) be a point not conjugate to X. If ¢ is a local parameterization
of ¥ around p, then we can construct a system of local coordinates (u, r, x2, x3) on
some open set V > ¢ by using the map

(, r, x%, x%3) > exp(r, Yu (p(x?, x%))),

where v, is the flow along the timelike geodesics orthogonal to S and the map
exp : (—¢,¢) X ¥, (X) = M is defined as above.

Since % is tangent to null geodesics, we have g, = <%, %> = (. On the other
hand, we have

Y _ 00 9\ _[0 o 0
ar _ or\or oxt|  \or' & oxk

(g, P\ 10 (0 0y,
“\or “amar| T 20xk\or ar|

forp =0, 1, 2, 3. Since g, = —1 and g2 = g3 = 0 on ¢, (¥), we have g, = —1
and g2 = g3 = 0 on V. Therefore the metric is written in this coordinate system as

3 3
g=cadu®du—du ®dr—dr®du+2ﬁ,~ (du Qdx' +dx’ ®du) + Z v,-jdxi ®dx’.
i=2 i,j=2
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Since
a —1 53 B
g1 000 z_det(mm ’
B2 0 22723 V32 V33
B3 0 v32 733

we see that the functions
L 0 0
T\ Bx o

form a positive definite matrix, and so g induces a Riemannian metric on the
2- d1men51onal surfaces exp(r, ¥, (X)), which are then spacelike. Since the vector
ﬁelds = can always be defined along ¢, the matrix (vy;;) is also well defined along
Cp, even at points where the coordinate system breaks down, i.e. at points which are
conjugate to X. These are the points for which v := det ('yi j) vanishes, since only

then will { 0 adr 022 " 53 } fail to be linearly independent. (In fact the vector fields

are Jacobi fields along ¢, — see Exercise 4.8(6) in Chap. 3).
It is easy to see that

8 i

MY =T =T4 =T, =T, =0 and T = ¥

where (’y’j )= (v j)_l and §3;; = %687—;’ [cf. Exercise 9.9(1)]. Consequently,

3 3
al
RS ol L]
i=2 i=2
5 [ 2 3
=% D A8 = D A BuBy
ij=2 i dl=2

(cf. Chap.4, Sect.4.1). The quantity
3 P
= Z v Bij
i,j=2

appearing in this expression is called the expansion of the null geodesics, and has
an important geometric meaning:

1 40 10 0 1
0= Etr ((71/) E('}’l/)) = 551037 = ElOgVZ,
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where v := det (fy,- i ) . Therefore the expansion yields the variation of the area element
of the spacelike 2-dimensional surfaces exp(r, ¥, (X)). More importantly for our
purposes, we see that a singularity of the expansion indicates a zero of 7, i.e. a
conjugate point to 1, ().

Definition 9.2 A spacetime (M, g) is said to satisfy the null energy condition if
Ric(V, V) > 0 for any null vector field V € X(M).

It is easily seen that this condition is implied by (but weaker than) the strong
energy condition. By the Einstein equation, it is equivalent to requiring that the
reduced energy-momentum tensor 7" satisfies 7(V, V) > 0 for any null vector field
V € X(M). In the case of a pressureless fluid with rest density function p € C*°(M)
and unit velocity vector field U € X(M), this requirement becomes

p(U,V)? >0 p=>0.

For more complicated matter models, the null energy condition produces equally
reasonable restrictions.

Proposition 9.3 Let (M, g) be a globally hyperbolic spacetime satisfying the null
energy condition, S C M a Cauchy hypersurface, ¥ C S a compact 2-dimensional
submanifold with unit normal vector field v in S and p € X apoint where § = 6y < 0.
Then the null geodesic c, contains at least a point conjugate to %, at an affine

parameter distance of at most —% to the future of ¥ (assuming that it can be
extended that far).

Proof Since (M, g) satisfies the null energy condition, wehave R,, = Ric (% %) >
0. Consequently,
00

3

ov Jkiln o

or +' Z v 6ktﬁl./ <0.
i,j.k, =2

Choosing an orthonormal basis (where 7'/ = §; ), and using the inequality
(tr A)? < ntr(A’A)

for square n x n matrices, it is easy to show that

3 3 |
> AN B = D BBy =t (B B)') = 592-
i, jhk,1=2 i,j=2

Consequently 6 must satisfy
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Integrating this inequality yields

+

S

1
9

<l>|'-d

and hence 6 must blow up at a value of  no greater than —%. ]
We define the chronological future and the causal future of the compact surface
X as
re=UJrte md o= 7o

peX peX

(with similar definitions for the chronological past and the causal past of X).
It is clear that IT(Z), being the union of open sets, is itself open, and also that
JT(X) c IT(X)and IT(X) = int JT(X). On the other hand, it is easy to generalize
Proposition 8.6 (and consequently Corollary 8.7) to the corresponding statements
with compact surfaces replacing points [cf. Exercise 9.9(2)]. In particular, J () is
closed. Therefore

IT(E) =0 (2) =T (E)\ (D),

and so, by a straightforward generalization of Corollary 7.5, every point in this bound-
ary can be reached from a point in X by a future-directed null geodesic. Moreover,
this geodesic must be orthogonal to . Indeed, at ¥ we have

0
=n and — =n+v,

ou or

and so the metric takes the form

3
g=—du®du—du®dr —dr @ du + Z Wijdxi®dxj.
i,j=2

Ifc: 1 C R — M isafuture-directed null geodesic with ¢(0) € X, its initial tangent
vector

3 3
C(O)—u—+r—+z (u+r)n+ru+2x

oxt
i=2

must satisfy

(i +28) = D kel
i,j=2
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Since c is future-directed we must have & + 7 > 0. On the other hand, by choosing
the unit normal to X on S to be either v or —r, we can assume 7 > 0. If ¢ is not
orthogonal to £ we then have

3
D il > 0= 0 +27) > 0= i > 0.
ij=2

Now the region where u > 0 and r > 0 is clearly a subset of I (%), since its points
can be reached from X by a sectionally smooth curve composed of an arc of timelike
geodesic and an arc of null geodesic. Therefore, we see that if ¢ is not orthogonal to
Y then c(t) € IT(X) forall ¢ > 0.

Even future-directed null geodesics orthogonal to ¥ may eventually enter I+ (%).
A sufficient condition for this to happen is given in the following result.

Proposition 9.4 Let (M, g) be a globally hyperbolic spacetime, S a Cauchy hyper-
surface with future-pointing unit normal vector field n, ¥ C S a compact 2-
dimensional submanifold with unit normal vector field vin S, p € I, ¢ the null
geodesic through p with initial conditionn, + v, and q = c,(r) for some r > 0. If
¢p has a conjugate point between p and q then g € 17 (%).

Proof We will offer only a sketch of the proof. Let s be the first conjugate point
along ¢, between p and g. Since g is conjugate to p, there exists another null
geodesic «y starting at ¥ which (approximately) intersects ¢, at s. The piecewise
smooth null curve obtained by following ~y between X and s, and ¢, between s and
q is a causal curve but not a null geodesic. This curve can be easily smoothed while
remaining causal and nongeodesic, and so by the generalization of Corollary 7.5 we
have g € IT(Z) (see Fig.6.13). O

Definition 9.5 Let (M, g) be a globally hyperbolic spacetime and S a Cauchy hyper-
surface with future-pointing unit normal vector field n. A compact 2-dimensional
submanifold ¥ C S with unit normal vector field v in S is said to be trapped if the
expansions 61 and 6~ of the null geodesics with initial conditions n + v and n — v
are both negative everywhere on X.

We have now all the necessary ingredients to prove the Penrose singularity theorem.

Theorem 9.6 (Penrose) Let (M, g) be a connected globally hyperbolic spacetime
with a noncompact Cauchy hypersurface S, satisfying the null energy condition. If
S contains a trapped surface X then (M, g) is singular.

Proof Lett : M — R be a global time function such that § = 7~ (0). The integral
curves of grad ¢, being timelike, intersect S exactly once, and 01 T(2) at most once.
This defines a continuous injective map = : 97 (X) — S, whose image is open.
Indeed, if ¢ = 7(p), then all points in some neighborhood of g are images of points
in OIT(X), as otherwise there would be a sequence g, € S with g, — ¢ such that
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Fig. 6.13 Proof of Proposition 9.4

the integral curves of grad ¢ through ¢, would not intersect 91 (). Letting r,, be
the intersections of these curves with the Cauchy hypersurface ¢~ (¢ (r)), for some
point  to the future of p along the integral line of grad ¢, we would have r, — r, and
sor, € IT(X) for sufficiently large n (as I T (X) is open), leading to a contradiction.

Since X is trapped (and compact), there exists g < O such that the expansions
6+ and 0~ of the null geodesics orthogonal to X both satisfy 67, 6= < 6. We will
show that there exists a future-directed null geodesic orthogonal to ¥ which cannot
be extended to an affine parameter greater than rg = — 91 to the future of X. Suppose
that this was not so. Then, according to Proposition 9.3, any null geodesic orthogonal
to X would have a conjugate point at an affine parameter distance of at most rg to
the future of ¥, after which it would be in I (X), by Proposition 9.4. Consequently,
OIT(X) would be a (closed) subset of the compact set

exp™ ([0, 0] x £) Uexp ([0, ro] X %)

(where exp™ and exp ™~ refer to the exponential map constructed using the unit normals
v and —v), hence compact. Therefore the image of m would also be compact, hence
closed as well as open. Since M, and therefore S, are connected, the image of 7
would be S, which would then be homeomorphic to 971 (X). But S is noncompact
by hypothesis, and we reach a contradiction. (I

Remark 9.7 1t should be clear that (M, g) is singular if the condition of existence
of a trapped surface is replaced by the condition of existence of an anti-trapped
surface, that is, a compact surface ¥ C S such that the expansions of null geodesics
orthogonal to ¥ are both positive. In this case, there exists a past-directed null
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geodesic orthogonal to ¥ which cannot be extended to an affine parameter time
greater than rp = % to the past of X.

Example 9.8

ey

@

The region {r < 2m} of the Schwarzschild solution is globally hyperbolic
[cf. Exercise7.10(9)], and satisfies the null energy condition (as Ric = 0).
Since r (or —r) is clearly a time function (depending on the choice of time ori-
entation), it must increase (or decrease) along any future-pointing null geodesic,
and therefore any sphere X of constant (¢, r) is anti-trapped (or trapped). Since
any Cauchy hypersurface is diffeomorphic to R x S2, hence noncompact, we
conclude from Theorem 9.6 that the Schwarzschild solution is singular to past
(or future) of ¥. Moreover, Theorem 8.9 implies that this singularity is generic:
any sufficiently small perturbation of the Schwarzschild solution satisfying the
null energy condition will also be singular. Loosely speaking, once the collapse
has advanced long enough, nothing can prevent the formation of a singularity.
The FLRW models are globally hyperbolic [cf. Exercise 7.10(9)], and satisfy
the null energy condition (as p > 0). Moreover, radial null geodesics satisfy

d 1

ALYy

dt a
Therefore, if we start with a sphere X of constant (¢, ) and follow the orthogonal
null geodesics along the direction of increasing or decreasing r, we obtain spheres
whose radii ar satisfy

d
E(ar) =ar+ar =ar £V1 — krZ.

Assume that the model is expanding, with the big bang at = 0, and spatially
noncompact (in particular k # 1). Then, for sufficiently small # > 0, the sphere
¥ is anti-trapped, and hence Theorem 9.6 guarantees that this model is singular
to the past of X (i.e. there exists a big bang). Moreover, Theorem 9.6 implies that
this singularity is generic: any sufficiently small perturbation of an expanding,
spatially noncompact FLRW model satisfying the null energy condition will also
be singular. Loosely speaking, any expanding universe must have begun at a big
bang.

Exercise 9.9

ey

Show that the Christoffel symbols for the metric

3
g=oadu®@du—du®dr —dr@du+ > (du®dxi +dx! ®du)
=2
3 . .
+ Z vijdx' @ dx’
ij=2
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satisfy
3
FZ}‘ = F;lr = F?i = F;':r = Ftllr = F;r =0 and F;j = zﬁylkﬁkj’
k=2

i, _ 0vij
where (v) = (vij) Iand Bij = % ;rj'

(2) Let (M, g) be a globally hyperbolic spacetime with Cauchy hypersurfaces Sy
and S satisfying S| C DV (Sp), and £ C S; a compact surface. Show that:

(a) DT(So) N J~(X) is compact;
(b) J7(X) is closed.

(3) Explain why the Penrose singularity theorem does not apply to each of the
following spacetimes:

(a) Minkowski spacetime;

(b) Einstein universe [cf. Exercise 6.1(8)];

(c) de Sitter universe [cf. Exercise 6.1(8)];

(d) 2-dimensional Anti-de Sitter universe [cf. Exercise 8.12(2)].

6.10 Notes

6.10.1 Bibliographical Notes

There are many excellent texts on general relativity, usually containing also the rele-
vant differential and Lorentzian geometry. These range from introductory [Sch02] to
more advanced [Wal84] to encyclopedic [MTW?73]. A more mathematically oriented
treatment can be found in [BEE96, O’N83] ([GHLO04] also contains a brief glance
at pseudo-Riemannian geometry). For more information on special relativity and
the Lorentz group see [Nab92, Oli02]. Causality and the singularity theorems are
treated in greater detail in [Pen87, HE95, Nab88], and in the original papers [Pen65,
Haw67, HP70].
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Chapter 7
Solutions to Selected Exercises

7.1 Chapter 1

7.1.1 Section 1.1

(1) In all these examples conditions (i) and (iii) in the definition of a topological
manifold are inherited from the ambient space, and so we just have to worry
about (ii).

(a)
(b)

(c)

(d)

(e

D? is an open subset of R? so it is trivially a topological 2-manifold.

M = S\{p} is a topological manifold of dimension 2. Treating R? as the
complex plane, and assuming without loss of generality that p is the north
pole of the sphere, we obtain a simple homeomorphism ¢ : R> = C — M

by taking
@ ( 2x 2y |z|2—1)
Z = b 9
POT TR T T+ 1P

where z = x + i y. The inverse of this map is called the stereographic
projection [cf. Exercise 2.5(7)].

N = S?\{p. ¢} is also a topological 2-manifold. We can assume, without
loss of generality, that p and ¢ are the north and south poles of the sphere and
then ¢ defined in (b) is a homeomorphism between the open set R2\{0} =
C\{0} and N.

The cylinder V = {(x, y) € R? | x> + y?> = 1} is a topological 2-manifold.
For each point p := (x, y, 7) € V we take the normal vector n := (x, y, 0)
and consider a plane generated by two coordinate axis that are not parallel
to n. Then there is a neighborhood of p in V homeomorphic to its projection
on this plane.

The cone S := {(x, y) | x> + y? = z?} is not a topological manifold. If that
were the case, there would exist a connected open set W in S, containing
the origin, homeomorphic to an open subset U C R2. Then W\{0} would
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Fig. 7.1 Klein bottle with a M&bius band deleted

be homeomorphic to U\{g} (where ¢q is the preimage of the origin). But
W\{0} is disconnected, while U\{gq} is connected, and hence they cannot
be homeomorphic.

(3) It is easy to show that the Klein bottle with a Mobius band deleted is again
homeomorphic to a Mobius band (see Fig. 7.1).

S @

(b)
(©)

(d)
(e)

®

If the new vertex is on a face, then it must be connected to the three vertices
of that face. In doing this, the number of vertices has increased by 1, the
number of edges has increased by 3 and the number of faces has increased
by 2 (as one face has been divided into three faces). Therefore V — E + F
has changed by 1 — 3 4+ 2 = 0. If the new vertex is on an edge, then it must
be connected to the two vertices opposite to that edge. In doing this, the
number of vertices has increased by 1, the number of edges has increased by
3 (as two new edges have been created and one edge has been divided into
two) and the number of faces has increased by 2 (as two faces have been
divided into four faces). Again, V — E + F does not change.

For the triangulation of 52 determined by the tetrahedron, one has V = 4,
E=6and F =4,andso x(S§?) =4 —6+4 =2.

A decomposition of T2 into triangles can be obtained by adding a diagonal
to the square whose sides are identified. This is not exactly a triangulation
(because the intersection of the two triangles consists of all three edges), but
it can be turned into one by adding vertices, and so, by (a), it can be used to
compute the Euler characteristic. Allowing for the identifications, we have
V=1,E=3F=2andsox(T?)=1-3+2=0.

Same as for T2

Same as for 72, except that now the identifications yield V = 2, and so
YRP?H=2-3+2=1.

Consider triangulations of M and N. Deleting a triangle on each surface and
identifying their edges yields M#N with a triangulation. Since 3 vertices get
identified, the total number of vertices goes down by 3, and the same is true
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for the total number of edges. The total number of faces goes down by two,
corresponding to the two faces which were deleted. Therefore x(M#N) =
X(M) + x(N) — 2.

7.1.2 Section 1.2

@ (py ! op)(x) =x 3 , which is not differentiable at the origin. By Exercise 2.5(1),
the two atlases are not equivalent, as {(R, ¢1), (R, ¢2)} is not an atlas.

(7) Let us write the point p € §" C R**! as p = (x,x"*!), with x € R” and
x"*! € R. The line through N and p is given parametrically by

c(t) = (tx, 1+ 1(x"T1 = 1)),

1

and intersects the hyperplane x"t! =0 atr = T Therefore,
X
y=nn(p) = Tt
The squared norm of this equation yields
llx]I? - (x"+1)2 1 + xntl

IyI* = 2 T nz = T
(1 — xnth (1 — xnth 1 —xnt

(where we have used || p||> = [|x||*> + (x*t1)? = 1); equivalently,

wrt _ IVI2— 1
2+ 1

Therefore the relation between x and y can be written as

2y
X =,
L4yl

and consequently

2y yl? - 1)

—1
p=7n (¥)= ( ,
L+ (lylI2" IIyl? +1

Analogously, we have

yZWS(P)ZW
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and 5
pzﬂs_l(y)z( 2y 1=yl )
L+ ylI2" 1+ 1yl?
Thus the map ms o my~!, which maps mn(S"\{N,S})) = R"\{0} to

Ts(S"\[N, S}) = R"\{0}, is given by

— y
TS OTN ](y) = W,

and hence is differentiable on its domain. The same is true for

Y

Ty oms  (y) = R

Therefore {(R", 7T;/1 ), (R, 71'51 )} is an atlas for S”.

To see that this atlas is equivalent to the atlas on Example 2.3(5). we have
to compute Ty o @i, Ty o ¢;, Tg o ¢, Ts o ¢; and their inverses for
i = 1,...,n + 1. There are essentially two different cases, corresponding to
i=n+1landi # n+ 1. As an example, we have

X

x —
=g 11— )2

TN 0oy () = TN (x, g(x)) =

which is differentiable on its domain U\ {0}. The other case is done similarly.

(a) Itis clear that RP" = '1':11 V;. Moreover, if ; (x!, ..., x") € V; then
! ny _ rol j =1 g i n
pilx ..o x) =[x, o x, o x T L X xT]
xl | xi—l 1 i X
- x]’ b 9 b x] ’xj’xj’ ’xj 9
and hence
_ ! " x! P B x"
0 X, L, X = =, ey, T, TS, Ty ey, —T
ARG xJ’ xJ T xJ xJ T xJ

is differentiable on its domain.

(b) The quotients (R"T1\{0}) /~ and S"/~ are in bijection because any line
through the origin in R"*! intersects $” in two antipodal points. The two
topologies are also the same, because an open set of R”*1\ {0} formed by
lines through the origin intersects S on an open set. To check that the two
atlases are equivalent we need to check that the maps gaj_l o(mo gp;") and
their inverses are differentiable fori, j = 1,...,n + 1. As an example, we
have
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Pnit o (Mot N(X) = @up1 T (T(x, g(x))) = g1 ([x, g(0)])

R ([_ 1]) _
—et g ) T ety

which is differentiable on its domain U. The other cases are done similarly.

7.1.3 Section 1.3

2

“4)

Given an open set W in N we want to show that f~!(W) C M is open. By
Exercise 2.5(2), we just need to show that, for every parameterization (U, ¢) of
M, theset U := o1 (f’l(W)) C R™ is open (with m = dim M). Considering
an atlas {(Vg, ¥3)} for N, we have

U= (r~'m) = (U £~ nuswp
B

- Lﬁj o (17 (vs (5" o))

U ws'ofon™ (v5'm).
B

Since W is open we know that 1/)51 (W) isanopen setin R" (n = dim N). Then,
since the map wﬁ_l o f o is C*™ and hence continuous, the set (1/)[;1 ofo
@)~ ! (wgl (W)) is also open, implying that U is open.

We use the atlas {(R", 7r;,1), (R™, 7r§1)} for S" [cf. Exercise 2.5(7)]. To check
that f is differentiable we must show that the four maps 7y o fomy ™!, g0 f o
vl 7rNofo7rs_1 and TrsofOTI'S_l are differentiable. Since f(S) = N, we see
that the first map is defined on 7y (f ~!(my "L (R™))) = wn (f~H(S"\{N})) =
wn (S"\{S}) = R"\{0} (where we have slightly abused the notation in the interest
of clarity). We have

2y ||y||2—1)
L+ yI2 IyvI2 +1

:m(— 2y 1—||y||2):_ y
LIy Iyl +1 Iyl

which is differentiable on R"\{0}. The other three maps are similarly shown to
be differentiable on their domains.

WNOfOWNl(y)=7TN0f(
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(6) (a) The identity map is not a diffeomorphism because fEl(x) =, 'oid o
p1(x) = X7 is not differentiable at the origin.
(b) The map f is a diffeomorphism since f= <p2_1 o fop;=id and?—\1 =
o7 o fl oy =idare C®.

7.1.4 Section 1.4

(1) Consider a parameterization ¢ : U C R" — M around p and take the operators

(%)P defined in the text. If Z?:l ol (%)p =0forsomeal,...,a" e R

then
n ,‘ 9 B
(B (), Jo=e

for every function f : M — R differentiable at p. If, in paﬁiculax, we take the
coordinate functions of ¢~ !, i.e. the functions fi= (o™ : (U) — R, then
fj(xl, ..., x™) =x/ and so

~ 0 " ; AxJ _ .
0=(§a (W)p)m):;a (g) @ ' (p) =,

implying that the o/ are all equal to 0.
(4) Letv e T, M be given by v = ¢(0) for some curve ¢ : (—¢, ) — M. Then

d
(d(go f)plv) = a7

(go f)c®)
=0

t

= 2| 9({(feo0) 1) = (dg)sp (W),

t=0

where w € Ty, N is the tangent vector to the differentiable curve (f o c) :
(—e,e) > Natt =0, 1i.e.

w= —

dt

fe@) = @df)p).
0

=

Therefore

(d(go ))pw) =(dg)sp)((df)p(v))

forallv e T, M.
(6) Identifying Ty S" and TsS" with the subspace of R"*! given by x"*! = 0, we
have
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(—c(®) = —¢(0) = -

t=0

d
fle@) = —

df)n) = - - T

(where ¢ : (—¢, ) — S§" satisfies ¢(0) = v), i.e. (df)y is simply multiplication
by —1. Alternatively, using the parameterizations (R”, ms~!) and (R", 7y ")
at N and S, we have

2y 1- ||y||2)
LIyl T+ Iyl

:M(_ 2y ||y||2—1)=_
T+ Iy T+ 112

The Jacobian matrix of this map at mg(N) = 0 is (d f )o = —id. Therefore if
y are the local coordinates corresponding to the first parameterization and z are
the local coordinates corresponding to the second parameterization, we have

f<y>=wNofo7rs—1<y>=7rNof(

0 B

n

a0 T g

0 0
@pw (v v ) = -
(7) Letc: (—e,e) > Whbeacurvein W C M such that c(0) = p andletv := ¢(0).
Then on the coordinate chart x : W — R”,

d
(f 9 0) = Z 1(0>—f(x<p>>

i=1

df)pv =

where in local coordinates we write ¢(r) = (x!(¢), ..., x"(¢)). On the other
hand,

d o " 9xd .
(@xiyp = 20229 g > H O () =0

i=1

and the result follows.
(8) Clearly
Uewwaxry = |J T,M=1M.
o P €Uqva(Ua)

Moreover, the topology defined on TM by these parameterizations is easily seen
to be Hausdorff and second countable. Finally, for W = &, (U,)N®3(Up) # @,
the overlap maps

D' 0 dy: @ (W) — 5N (W)

and

o

o lody: cpgl(W) — o (W)
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are given by

(@5 0 @), v) = (15" 0 ) @), (@' 0 2a))s (V)

and
(@5 0 @), v) = (3" 0 (). (05" 0 93)x V)

and so they are differentiable (In the formulae above we use the standard iden-
tification 7, R" = R™).

7.1.5 Section 1.5

3)

If M is a submanifold of N of dimension m then the inclusion mapi : M — N
is an embedding. In particular, the map 7 is an immersion and then, by the local
immersion theorem, for every point p € W there are parameterizations (U, )
and (V, %) around p on M and f(p) on N for which

Tl M= (1/1_10 io ga)(xl,...,xm)z(xl,...,xm,O,...,O)e]R”.

Taking an open set W C N contained in ) ((U x R"~")N V) and the coordinate
system x : W — R” given by x = ¢!, we have

MOW={geW|x" (@) =-=x"(q) =0}

Conversely, if for every p € M there is a coordinate system x, : W, — R”
around p on N such that

MOW,={qgeW,|xyt (@)= =xng) =0},
then, taking the standard projection 7 onto the first m factors, the map
Xp:MNW,—-R":=mox,

is a coordinate system around p on M for the subspace topology on M. Indeed,
Xp is a homeomorphism onto its image:

(i) if A is an open subset of X,(M N W),) then (A x R"™™) N x,(W,) is an
open subset of x,,(W,) and so };1 (A) = x;l((A x R Nx, (Wy)) N M
is an open set of M for the subspace topology;

(ii) if B is an open subset of M N W, then there is an open set of N, B* C W,
such that B = B’ N M and so

%,(B) =1 (xp(B’) NxeR" [ =...=x" = 0})
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is an open subset of R™.

Moreover, {(X,(W,), 3?;1)} pem forms an atlas for M: if, for instance, L :=
W, N Wy N M # @and fp 4 :=xq40x," 1 x,(W, N Wy) = xg(W, N W) is
the corresponding overlap map on N, then the overlap map on M

Xg0X, 1 Xp(L) > Xy(L)
is given by
FgoX, Hx' X" =7(fpg! . x™ 0, 0)).

It is clear from the choice of coordinates that the inclusion map is an embedding.
Consider the map f : R**! — R given by

f(xl’_..,x") — (x1)2 4ot (xn+1)2_

Its derivative
df)x = 2xtdx! 4 . 2xH gy t]

is clearly injective for x # 0, as it is represented by the nonvanishing matrix
(2x! |- 2xn Tt

Therefore, 1 is a regular value of f, and so §" = f _1(1) is an n-dimensional
manifold (cf. Theorem 5.6). Moreover, we have

T, S" = ker(df), = {v € TR | (df),(v) = 0}
— {U c Rn—i—l | xlvl 4o +xn+lvn+1 _ 0}

={weR"! | (x,v) =0},

where we have used the identification 7, R"t! = R+1,
Leti : V — M be the inclusion map. Then f oi : V — N is differentiable.
For each point p € W letx, : U, — R" (n = dim N) be a local chart on N
such that

WNU,={qgeU,|xy"(q) =" =x}(q) =0},

where k = dim W [cf. Exercise 5.9(3)]. The maps X, : W N U, — R defined
by X,(q) == (xll) @, xf, (g)) are local charts defining an atlas for W. Hence,
for every p € W the maps

Xpofoii(foi) ' (WNU,) — R

are differentiable, implying that f : V — W is differentiable.
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7.1.6 Section 1.6

() Let X, Y, Z € X(M).
(a) Let a, 8 € R. Then

[aX +08Y,Z]=(aX+BY)oZ —Zo(aX + 5Y)
=a(XoZ—-—ZoX)+PYoZ—-ZoY)
=X, Z] + 3lY, Z].

Similarly, [X, oY + 6Z] = o[ X, Y] + B[X, Z].
(b) We have

[X,Y]=XoY—-YoX=—FoX—-XoY)=—[Y,X].
(c) The Jacobi identity can be proved as follows:

(X, Y] Z]1+ (1Y, Z], X] + [[Z, X, Y]
=XoY—-YoX)oZ—Zo(XoY—-YoX)
+YoZ—-ZoY)oX—XoYoZ—-ZoY)
+(ZoX—-—Xo0Z)oY—Yo(ZoX—-—Xo0Z)=0.

(d) Let £, g € C°(M). Then,

[fX,gY]=(fX)o(gY)—(gY) o (fX)
=fgXoY+ f(X-9Y —gfYoX—g(Y )X
= folX, Y]+ f(X-q9)Y —g(Y - /)X,

where we used Exercise 6.11(1).

(5) (a) Let f : R> — R be a smooth function.

[X1,X2] f=X10X2=Xp0X)) - f

_ of of of  of
=xi (g ) e (0 -<5)

and so [X1, X7] = —X3. Similarly, we conclude that [ X, X3] = X5 and
[X2, X3] = —X.

(b) Let V := span{Xi, X», X3}. From (a) we know that the Lie bracket
determines a bilinear map [-,-] : V x V — V so we conclude that
V = span{X1, X», X3} is a Lie subalgebra of X(R?). To show that it is
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isomorphic to (R, x) we will use that map F : V — R> given by

Flai X1+ ax X2 + a3 X3) = (a1, —az, a3).
This map is clearly bijective so we just have to show that it is also a Lie
algebra homomorphism. For that we see that

F([X1, X2]) = F(=X3) = (0,0, —1) = (1,0,0) x (0, —1,0) = F(X;) x F(X2);
F([X1, X3]) = F(X2) = (0,-1,0) = (1,0,0) x (0,0, 1) = F(X) x F(X3);
F([X2, X3)) = F(=X1) = (=1,0,0) = (0, =1,0) x (0,0, 1) = F(X3) x F(X3).

(c) Let ¢ € R3. We know that 11,¢(g) is an integral curve of X at g. Hence,

d
% = XDy, and ¥10(g) =q.
Consequently,
Dl (@) = X| W) =0;
U2 (@) = X3 W) =~} (@)
(@) = X3@1(@) = ¥E, ().

Hence, 1/’11,z =C, ¢%,t = —1/1?, = _w12,z’ and so

Y? = Acost+ Bsint and 3, = Asint — Bcost,

(x,y,2). Since ¥ o(x, y,2) =
—z and we conclude that

where A, B and C are functions of g
(x,y,z) wehave C =x, A =yand B

P1.4(x,y,2) = (x, ycost — zsint, ysint + zcost) .

Similarly, we see that

Y21 (x,y,2) = (xcost +zsint,y, —x sint + zcost)
and

P3,:(x,y,z) = (xcost —ysint, xsint 4 ycost, 7).

(d) We will show that 101,% o 1/)2,% #= 1112,% oYy, I. The other combinations are
similar.
(’(/}1,% sz,g) (x,y,2) = ¢1,§ (z,y,—x) = (z,x,)

while
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(%% ° wl’%) .y, 2) =1z (¥, =2, 3) = (¥, =z, —=x).

(6) Let X € X(R) be given by X = xzﬁ. The equation defining its integral
curves is

*=x2
and so the integral curve at xg € Ris ¢y, (7) = _H;C’ where C is a function
of xp. Since ¢, (0) = —é, we conclude that C = —xio, implying that the

local flow of X at y is the map

F:Wx(—¢,¢e) >R

X
(.0 > 1 —tx’
where W = (a, b) is an open interval containing y. For instance if a > 0,
the local flow can only be extended to W x (—oo0, %). We conclude that X
is not a complete vector field since we can never extend the local flow to
R x R.
(10) (a) If ¢ : I — M is an integral curve of X then ¢(t) = X forall ¢ € I.
Therefore, the curve v : I — N defined by v(¢) := f(c(¢)) satisfies

Y(@) = @f)ery¢®) = @ )ery Xewy = Y ey = Yy,

i.e. 7 is an integral curve of Y.
(b) We just showed that if X and Y are f-related then f(Fx(p,t)) =
Fy(f(p),t) for all (p,t) € M x R for which both sides are defined.
On the other hand, if this relation holds then differentiating at t = 0 yields
df)pXp =Yy foreach p € M.
(12) (a) We have J
(LxV)p = (@Y= Yup)

lr=0

and hence J
LxV)p - f =1 (Yo (fo wﬂ))l

t=0

for any differentiable function f € C°°(M). Let us define

H(U, U) = wa(p) . (f ] ¢,U).

We have

OH 0.0) — d Y. _d y
5y 00 == w(p)'f)| = ~f)(wv(P))|U

v=0

=X- - fNp)

=0
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and

OH d d
%(0, 0) = E(Yp “(fo w_v))lu:o =Yy (d_v(f ° w_v)lvo)

=Y, (=X -f)== - (X-H)p).
Consequently,

d OH OH
Lx¥)p-f =2 HED) =770,0+--(0,0)

=0

=X-Y-fH=-Y - X -fNp)=[X.Y], f

for any differentiable function f € C°°(M),implyingthatLxY = [X, Y].
(b) We have

d d
Lx[Y, Z) = - (W-).lY, Z])| = [(W_)+Y, W_)+Z]

0 =0

d d
_ [E(W’)*Y)|,o’ z] + [Y, E((¢’)*Z)|,J

=[LxY, Z]+[Y,LxZ].
Notice that using (a) this formula can be written as
(X, [Y, Z]l =X, Y], Z] + [V, [X, Z]]

(i.e. it is just the Jacobi identity).
(¢) We have

Lx(LyZ)=1[X,1Y,Z]] and Ly(LxZ)=1Y,[X, Z]].
Therefore,

(LxoLy —LyoLx)Z =[X,[Y, Z]] - [V, [X, Z]]
=[X.[Y. Z] + [Y, [Z, X]]
=-[Z,[X, Y]] =[[X.Y], Z] = Lix.v\Z,

where we have used the Jacobi identity.
(13) (a) This is an immediate consequence of Exercise 6.11(10).
(b) If )y 0 s = @50ty forall s, ¢t € R then, by (a), (¢;)«Y =Y forallt € R.
Therefore,

-y =0
T dr o

=0 lr=0

d
[X,Y]=LxY = E((w_t)*Y)|
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If, on the other hand, [X, Y] = O then

d d d
E((%)*Y) = E((wzﬁ)*Y)l = E((%)*(%)*Y)l

e=0 e=0

d
= (d}t)*d_(w]g)*y) = —()«LxY =0.
€ |

e=0

Since (¢9)+Y = Y, we conclude that (¢/;).Y = Y forall ¢ € R. Therefore
Pr o s = ¢s 0y forall s, t € R.

7.1.7 Section 1.7

(3) (a) Given two affine maps g(t) = yt + x and h(t) = wt + z, we have
(goh)(t) = g(h(?)) = g(wt +2) = ywt + yz + x.
Therefore the group operation is given by
(x,y) - (z,w) = (yz +x, yw).

The identity element is clearly e = (0, 1) (corresponding to the identity
map), and hence

(z,w) = (x, )" & (yz+x, yw) = (0, 1)

x 1
N E
yy

Therefore the maps H x H 3 (g,h) — g-he Hand H > g+ g ' € H
are smooth, and hence H is a Lie group.
(b) Because
L,y (z,w) = (yz +x, yw),

the matrix representation of (dL(x,y))(z,w) 18

0
@Lxy)w) = (3 )

Therefore X . has components

(x,y)
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(c) If
0 0 0 0
V=£¢— — d W=(— —
éhax_’_n@y an <8x+w8y
then
0 0 0 0
XV, x| =& —, (Y= —
[ ] |:§y3x +ny8y Cyé‘x +wy8y]
0
=(n<—w5)ya—x-
Therefore

9]
_[yv yW —
[V, W] = [X . X ](071) =(n¢ w{)ax.

(d) The flow of XV is given by the solution of the system of ODEs

x =8y
y=ny
which is "
— Yo" —1)
X =x0+ 7
y = yoe'
for n # 0 and
x = xo + yo&t
y=>Yo

for n = 0. The exponential map is obtained by setting (xq, yo) = e = (0, 1)

andr = 1: .
exp(v) — (M’ 677)
n
for n # 0 and
exp(V) = (&, 1)
forn = 0.

(e) The multiplication of two such matrices is

yXx wz\ _ [ywyz+x
01J\01) \o0 1 ’
which reproduces the group operation on H. Therefore H can be identified

with the corresponding subgroup of GL(2). A curve ¢ : (—¢, ) — H with
c(0) = I is then given by
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_(y(@) x(@)
) = ( 0 1 )
with x(0) = 0 and y(0) = 1, and its derivative at = 0 is
con — [Y(0) x(0)
¢(0) = ( o o )
We conclude that h can be identified with the vector space of matrices of
the form
RS
00)°
The Lie bracket must then be given by
neY (@Y (n&Y(wC)_ (w<)(n¢
00/°\00 00J\0O0 00/\00
_(0n¢ —we
0 o0 ’

which agrees with (c). Moreover, the exponential map must be given by

e~ 1 (e
o0 (56) =27 (50)

k=0
_ (10 n&\ 1 (n*ng
_(01)+(00)+§(0 0)+""
n &E1=1)
exp (8 g) = (eol 717 )
n&y _ (1€
e"p(oo)_(m)’

for n = 0, which agrees with (d).
(6) (a) Clearly 2(R) = R\{0} and

yielding

for n # 0 and

h(x + y) = det A0 = det (eA* ™)
= (det e*")(det e?Y) = h(x) - h(y).

(b) Note that h(t) = f(e*’) where f : GL(n) — R is given by f(B) =
det(B). Hence, since (eA") = Ae”’, we have, by Example 7.1(4), that
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H'(0) = (df)1(A) = tr(A).
(c) Again using Example 7.1.4 we have
B (1) = (df),a(Ae) = det (e2) tr (e 4 Ae!) = h(1) tr(A).

Hence, h(1) = ke™ ™7 for a constant k € R. Since we know that #(0) =

det I = 1 we conclude that 4 (¢) = e" ! and so det(e?) = h(1) = e,

(12) (a) Let V e g. We begin by showing that X" is F-related to X@F)eV [cf.
Exercise 6.11(8)]. Indeed,

(dF)yX) = (dF)y(dLy).V = d(F o L),V

= d(LF(y) oF),V = (dLF(y))e(dF)eV

 y@F)V
=Xrg >

where F o Ly = Lp(g o F follows from the fact that F is a Lie group
homomorphism.
Let V, W € g. Then

(dF) [V, W]=@F).[X", X1, = (FIXV, X" ],
_ [F*XV, F*XW]e _ [X(dF)eV7 X(dF)eW]e
= [(dF).V, (dF).W].

Here we have used the result of Exercise 6.11(9), which is easily extended
to arbitrary differentiable maps.
(b) Given g € G we have F' = Lp(g) o F o L -1. Consequently,

(dF)y = (dLp(g)e o @F)e 0 (L, 1)g.

Since the left multiplication map is a diffeomorphism, we conclude that if
(dF).is anisomorphism then (d F) ; is anisomorphism forany g € G. The
inverse function theorem then guarantees that F is a local diffeomorphism.
(c) Let U > e be an open set such that the restriction of F to U is a
diffeomorphism onto F(U). Then for any ¢ € G the restriction of
F =LpgoFoLitoLy(U)isadiffeomorphism onto its image. More-
over, it is easily seen that F =1 (F (L,(U))) = L,(F~'(F(U))). Therefore
we just have to check that F “L(FWU))isa disjoint union of open sets dif-
feomorphic to F(U). Now F(h) € F(U) if and only if F(h) = F (ho) for
some hg € U, i.e. if and only if hho’l = g € ker(F). We conclude that

FUFW) = | Ly.

geker(F)
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On the other hand, the open sets L,(U) are clearly disjoint, because if
g € ker(F) and ho € U then F(gho) = F(hg), and hence ghg can only
be on U (where F is injective) if g = e.

7.1.8 Section 1.8

(2) Let us assume that M is orientable and let us fix an orientation on M. Then, for
each p € M, there exists a parameterization (U, ) around p such that (dp),
preserves the standard orientation of R” at each point x € U. Taking the atlas A
formed by these parameterizations we have that the overlap maps are orientation-
preserving and detd(gpg1 0@wa) > 0on W = ¢,(Usy) N @g(Up) for every
(Ua, ©a), (U, pg) € A. Conversely, if there exists an atlas .4 for which the
overlap maps are orientation-preserving, then we can choose an orientation on M
in the following way. For each p € M we take a parameterization (U, p) € A
around p and we assign a positive sign to the ordered bases of T, M that are
equivalent to the ordered basis {(dy).e;};_;, where x := o (p) and {ei}?_,
is the standard basis of R". This choice of orientation does not depend on the
parameterization ¢ as all overlap maps are orientation-preserving.

(4) Let g € I and let (U, ¢) be a parameterization around c(#p) such that (dy),
is orientation-preserving for all x € U. In the corresponding local coordinates

x 1= ¢~ ! we have
. 9
iy = > VI @) (—) ,
j; 0x7 ) )

where the functions Vl’ : J — R, defined on a neighborhood J C I of #, are

smooth. Therefore the map d : J — R defined by d(t) = det(Vl./ (1)) is also
smooth. Moreover, since {Vi(fo), ..., V,(t)} is a basis of T, M, we either
have d(tp) > 0 or d(tp) < 0. Consequently, we will also have d(¢) > 0 or
d(t) < 0 for ¢ in a neighborhood of 7y in J. We conclude that the set of points
t € I where {V|(¢), ..., V,(#)} has positive orientation is an open subset of /,
and so is the set of points where {V(¢), ..., V,,(¢)} has negative orientation.
Since I is connected (it is an interval), we conclude that {V/(¢), ..., V,(¢)} has
either positive orientation for all # € I or negative orientation for all t € I.
(5) Letc :[0,27] — M be the curve defined on the Mobius band M by

c(p) == g(0, ) = (cos p, sinp, 0),
and consider the smooth vector fields along ¢ defined by
Vi(p) = @(O, p) = (cos (f) Cos (p, cOS (f) sin ¢, sin (f)) ;
ot 2 2 2

9 .
Va(p) = %(0, ) = (—sin ¢, cos @, 0).
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Since
Vi)l = [IVa(p)l =1 and  (Vi(p), Va(p)) =0

forall ¢ € [0, 27], these vector fields form a basis of T, M forall ¢ € [0, 27].
Moreover, since ¢(0) = ¢(2w) = (1, 0, 0), we know that

{V1(0), V2(0)} = {(1, 0,0); (0, 1, 0)}

and
{(Vi@2n), V2(2m)} = {(—1,0,0); (0, 1, 0)}

are two bases for 7(j ,0)M. However, the change-of-basis matrix from the first

basis to the second basis,
—-10
= (01):

has negative determinant. Therefore M cannot be orientable.

(9) (a) We begin with the observation that for each parameterization (U, ¢) of M
there exists a parameterization 0, ©) which induces the opposite orientation
on T, M for every p € ¢(U) (one just has to reverse the order of two of the
variables in R").

The maps % : U — M define a topology on M, given by the basis

{o(U) | (U, ¢) is a parameterization of M}.

That this is indeed a basis for a topology and that such topology is Hausdorff
and second countable follows from the fact that

{oU) | (U, ¢) is a parameterization of M}

is a basis for the topology of M with the same properties.

Given two parameterizations (U, ¢) and (V, 1) of M, the map E_l opis
defined on the image by ¢! of the connected components of ¢(U) N1y (V)
where the orientations induced by ¢ and v agree. Therefore E_l o is not

. . —-1 . .
only differentiable () 0% = 9! 0 ¢ on the points where it is defined)
but also orientation-preserving. We conclude that

{(U,®) | (U, p) is a parameterization of M}

is an atlas for M whose overlap maps are orientation-preserving. Therefore
M is an orientable n-dimensional manifold [cf. Exercise 8.6(2)].

(b) This is immediate from the fact that, for the parameterizations above, ¢! o
7 o p is the identity map and from the above observation that for each
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parameterization (U, ¢) of M there exists a parameterization (17 , ©) which
induces the opposite orientation on T, M for every p € ¢(U).

(c) If W is a connected component of Mthenw: W — M isstill a covering
map. Therefore the fibers 7=!(p) C W can either have one point or two
points. In the former case 7 : W — M is a diffeomorphism and M would
be orientable (because W is). Since this is not the case, we conclude that
W = M, and so M is connected.

(d) The identities m o ¢ = 7 and ¢ o 0 = ¢ are immediate. That ¢ is a diffeo-
morphism is clear from 7 o 0 = 7 and 7 being a local diffeomorphism.

(e) This is immediate from the fact that the only covering map admitted by a
simply connected manifold is the trivial covering map.

7.1.9 Section 1.9

(2) Let A = {(Ua, pa)} and B = {(V3, ¥3)} be atlases respectively for M and N.
Note that, since M is a manifold without boundary and N is a manifold with
boundary, the sets U,, are open subsets of R"™ while the sets V3 are open subsets of
H" (where m = dim M andn = dim N). We will show that {(U, x Vg, @a X1g)}
is an atlas for the product manifold M x N and that this set is a manifold with
boundary. Indeed,

(a) the sets U, x Vg are open subsets of R x H"* = H" 1",

(b) the sets vo(Us) X ¥g(Vp) are open subsets of M x N;

(c) the maps 0, g := po X Pg: Uy x Vg — M x N are homeomorphisms;
(d) for W := 04,8, (Ua; x V3,) () 0ay,8,(Ua,y x V3,) # @ the overlap maps
W) — 6.1, (W)

-1
90[1,“31 © O, + 0 az, dz

are differentiable since

O 5 0 0005)(P, D) = 0, 5 (00 (P), ¥3,(@))

= (eal o ) (P, W5 0 v (@)

and ¢! 0 ¢a, and 77/1[;11 o 1, are differentiable;
(e) we have

U 0asUa x Vo) = (] 0aUa) x 193(Vs) = M x N.
o, a,p

We will now show that (M x N) = M x ON. For that we see that (p, q) €
O(M x N) if and only if there is a pair («, 3) for which
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(P.q) € ba5 (OH"T" N (Uy x Vp))
= 9(1’,:5 ({(x’ y) € (Uy x Vﬂ) | yn = O})
=0u.5 (Ua x (Vg N OHM) = 0 (Us) x ¢3(V N OH").

Hence, (p,q) € (M x N) if and only if (p,q) € M x ON and we conclude
that O(M x N) = M x ON.

7.2 Chapter 2

7.2.1 Section 2.1

(3) Let T € TF(V*).

(a) Consider the tensor Alt(T) := % ZJeSk (sgno)(T o o). Then, if o9 is a
permutation that interchanges two indices and keeps the others fixed, we
have

1
AI(T) 0 09 = 7 > (sgno)(T o0 009)

T oeSk

1
= E(sgn 00) Z (sgn(c 0 50))(T o (¢ 0 09))

O'ESk

1
= E(sgn 00) Z(sgn 7T o)

TESK

= (sgnog) Alt(T) = — Alt(T)

and we conclude that Alt(T') is an alternating tensor.
(b) If T is alternating then T o 0 = (sgno)T for any permutation ¢ € Sk.
Hence,

1 1
Al(T) = > (sgno) (T oo) = a > (sgno)’T =T,

ceSk T ek

where we used the fact that S; has k! elements.
(c) Since we know from (a) that Alt(7") is an alternating tensor we conclude
from (b) that Alt(Alt(T)) = Alt(T).

(4) Let {Ty, ..., T,)} be abasis of V*. We have

T= > ayTyh .. AT,

i<..<ig
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and
S = z bjlmjmTj /\.../\ij.
J1<..<Jm
Therefore
TAS= > b Ty A AT AT ALAT),
i] <...< ik
J1<...<jm

= Z ail...ikbjl...jm(_l)kTﬁ ATy AN AT AT AN AT,
i <...<liy
J1<...<Jjm

= Z ail~--ikbjl---jm(_1)ka./l A A ij ATy ANONT

1 <...<lig
J1<...<Jjm
=(—D""SAT.

(5) (1) Ifvy, ..., Vggm €V then

(FX(T®S)) (vi, ..., Vkgm) = (T @ S)(F(v1), ..., F(Vrgm))
=T(F(),..., F)S(F(k+1), - -+ F(Vk4m))

= (F*T(v1, ..., v))(F*S(Wkt1, - - - Vktm))

= ((F*T) @ (F*S))(V1, ..., Vktm)-

(2) Obvious.
3) Ifvy, ..., Vktm € V then

(FX(T AS)) i,y Vm) = (T AS)F 1), ..., F(Vktm))

k !
= %(Alt(T R SNH(F(1), ..., F(Vktm))
1
= 2 (e o) (T @ )F o). - FUresm)
o TESk+m
1
= m! Z (sgn o) (F*(T ® 8))(Wo(1)» - - - » Vo(k+m))
o JESker
1
= D GO (FT) ® (F*8)Wotr). - - Votesm)
! L=
k + m)!
_Exme k!m";) ALL(F*T) ® (F*S)) (W1, - - ., V)

= ((F*'T) A (F*S)(1, - .., Vegm)-
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4) Ifvy,..., v € V then

((Ho F)X(T)) (v1,...,u) =T (H(F(v1)), ..., H(F(n)))
= (H*T) (F(v1), ..., F(w)) = (F*(H*T)) (vi, . .., vp).

7.2.2 Section 2.2
(3) (a) We have

d
Lx(T(X1.....Y))(p) = E(T(YL s Y)W (P

d
=7 (Tw,(m ((Y1>w,<p) e <Yk)rz/),<p>))‘tzo

d
= ((¢r*T)p (<d¢—t)¢,<p> Ty (py s -5 @y (p) (Yk)wf(m))hzo
=(LxD)Yy,....Y)(P)+TLxY,....Y)(P)+ ...+ T(X1, ..., LxY)(p).

(b) A possible definition is to set

(LxT)(Y1, ..., Y, 'y b)) = Ly (T (Y1, Y, W wh)
—T(LxY1,.. Y, w' = =Ty, . LY, w0
— T, ..., Y, Lyw', .. = =Ty, ..., Y, 0w, Lyl

for all vector fields Y7, ..., Y and all 1-tensor fields wh Wk

7.2.3 Section 2.3

(1) Property (i) is trivially true, and property (iii) is an immediate consequence of
Proposition 1.12. To prove (ii), we notice that given p € M and vy, ..., v; €
T, M we have

(f*(ga) p(ui, ..., v) = (9a) p(py((df)pvi, ..., (df) pvk)
=g(f(P)afpy(df)pvr, ..., df)pvr)
=(go NP fra),pvr, ..., u) = ((f*P(fTa)p(vr, ..., vp).

Finally, (iv) follows from

G fFa)pi, ..., v) = (ff)gpdg)pvi, ..., (dg)pvr)
= asgp)(@fgp) g pvt, ..., (df)g(p)(dg) pvi)
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= Q(foq)(p)((d(f o g)pv1, ..., d(f 0g))pvk)
=((fog a)p(vi, ..., 0).

(3) Let M be a smooth manifold.

®

(i)

(iii)

@iv)

d (w1 + w») is the form locally represented by d(wj + w2),, for each para-
meterization ¢, : U, — M. Moreover, since

W1 +w2)a = @a w1 +w2) = grwi + pw2 = Wa + W2)a
we have, by Proposition 3.7(i) that

d(wi +w2)a = d(W1)a + (W2)a) = d(W1)a +d(W2)a
= (pZduJ] + cpzdwz = gaz(dwl + dwy)

and we conclude that d (w; + w7) = dwy + dw».

Let w be a k-form. Then, d(w A 7) is the form locally represented by
d(w A7), for each parameterization ¢, : U, — M. Moreover, by Propo-
sition 3.3(iii)

(WAYa = SOZ(W A7) = Sozw A @Z’Y = Wa N Ya-
Hence, by Proposition 3.7(ii),

dW AYa =dWwa AYa) = dwa AYa + (=Dfwa A dya
= ph(dw) A iy + (—l)kgof;w A i (dy)
= @hdw Ay + (—Dfw Ady) = (@dw Ay + (=Dfw A dY)a

and the result follows.

The form d (dw) is locally represented by d (dw), = d(dw,,) for each para-
meterization ¢, : U, — M. Since d(dw,) = 0 by Proposition 3.7(iii),
we conclude that d(dw) = 0.

Let f : M — N be a smooth map between two manifolds. Let w be a form
on N. Then d(f*w) is the form locally represented by d( f*w), for each
parameterization ,, : U, — M. Moreover, by Proposition 3.3(iv),

(f*w)a = @Z(f*w) = (f o ﬁﬁa)*W,

and so
d(f*w)a = d((f o pa)*w).

On the other hand, f*(dw) is the form locally represented by
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Po(f*@dw)) = (f o pa)*(dw)

for each parameterization ¢, : Uy, — M. Now, if g : V — Nisa
parameterization of N then we have on ¢5(V)

dw = (V3 ) dws = @) dWhw),
and so by Proposition 3.7

P (f*(dw)) = (f 0 pa)* (W5 ) dws = (W5 o f 0 pa)*dwg
=d((W5" o fopa)wp) =d((f o pa) (W) wp)
=d((f o pa)*w)

on <p;1(f—1(1pg(V))). Since 3 : V. — N is arbitrary, the result follows.
(6) (a) We have

Fro=dinY (aroPdf' +% by frdf’,
1 J

and hence

t
Qffw)y =" /(a,of)ds drl.
I \j

On the other hand, since f is the identity on the first coordinate, precompo-
sition with f commutes with integration with respect to ¢. Therefore

t

ffQwy=>" /alds o f|af’

I o

t
:Z /(a,of)ds df' = Q(f*w).
1 to

(b) Each parameterization ¢ : U — M yields a parameterization p : R x
U — R x M through $ = id x ¢. Given a k-form w € QKR x M)
we then define Q(w) € Q¥ (R x M) as the (k — 1)-form whose local
representation associated to the parameterization @, is (Q(w)), = Q(wq).
e Qw) = (@;‘)* (Q(wa)) on R x ¢, (Uy). To check that this definition
is consistent consider another parameterization wg : Ug — M such that

W o= pa(Ua) NogUp) # <. Let f : <p(;1(W) — wgl(W) be the
diffeomorphism given by f = Lpgl 0 @q. Thenon R x W we have
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(721) Qo = (7.1) (Q(Fws)) = (7)) (@)
= (7o) (Qun) = (75'") (Quwn).
To see that f* 0 Q = Qo f*ata given point (¢, p) € R x M consider
parameterizations ¢ : U — M and ¢ : V — N around p and f(p), and

let f =9 ~! o f o ¢ be the corresponding local representation of f. Then
at p we have

T =7 (57) (@@w) = (57 7) (

= Q(f*w).

The linearity of Q on M is similarly obtained from the linearity of Q on R".
Notice that in local coordinates the formula for Q reduces to the formula in
R". If

w=dt A ar(t.x)dx" + byt x)dx’
1 J

we have
i;’;w = ij(to, x)dx’
J

(dty = 0 as 19 is constant), and 7%z w is given by the same expression.
Consequently

w—rrigw=dt A ap(t,x)dx" + D (by(t,x) = by(to, x)) dx”.
I J

On the other hand,

t
dQw) =dt A ar(t,x)dx"+ > > ( % ds) dx' A dx'
1 I i

fo

and
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leading to

Q(dw) = ZZ /%ds dxt Adx! +z /ab] dx”.

Consequently,
d(QW)) + Qdw) = dt A Y ay(t,x)dx" + > (b(t, x) — b(to, x)) dx’
1 J
=w—Trigw.

(d) Since 7 o iy, = idy, we have i;‘) o m* = id and hence ifo o 7% = id. On the
other hand, if w is closed then

w—7ligw=d(QW)),

meaning that w and 7*i; w are in the same cohomology class. Therefore
wtoil =id.

(e) By (d), H*R") = H*®R" ") = ... = HX®R). Now we know that
H¥(R) = 0 for all k > 1. On the other hand, any I-form on R is nec-
essarily exact, since

t

a(t)ydt =d /a(s) ds

0

We conclude that H!(R) = 0. Therefore H*(R") = 0 for all k > 0.

(f) We have f = H oy and g = H o iy, and therefore fTI = ifo o H" and
¢ = ifl o H'. Now ifo = ifl, as they are both the inverse map to 7.
Consequently f* = g*.

(g) The map H : R x R" — R" given by H(t,x) = (1 — t)x is clearly a
homotopy between the identity map f(x) = H (0, x) = x and the constant
map g(x) = H(l,x) = 0.

(h) Since M is contractible, the identity map id : M — M is smoothly homo-
topic to a constant map g : M — M, and hence id® = ¢*. Using local
coordinates, it is immediate to check that if w € Q¥(M) is a k-form with
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k > 0 then g*w = 0, implying that ¢* : H*(M) — H¥(M) is the zero
map. But ¢* = id is the identity map on H¥(M), and hence we must have
HK(M) = 0.

(7) (a) We have

d d
Ly (wi Aw2) = E(%//z*(m A wz))‘ = E((wz*m) A (r*w2))

=0 lr=0

d d
= (WW,O) Aertenh (Wf*“ﬂl,o)

= (Lxwi) Awz +wi A (Lxws)

(where we have used the fact that the wedge product is bilinear).
(b) Similarly,

d d
Lx(dw) = Z(wz*(dw))l = E(d(%*u)))l

0 =0

d
=d (E(%*w)l ) =d(Lxw)

t=0

(where we have used the fact that the exterior derivative is linear).

(c) We will prove this formula by induction. We start with the case when
w = fdg for smooth functions f, g € QU(M). In this case we can use
the properties proved above to obtain

Lxw=(Lxf)dg+ fd(Lxg) = (X f)dg+ fd(X - g).
On the other hand,

L(X)dw +d((X)w) = u(X)df Ndg) +d(f(X - g))
=uX)df ®dg—dg®df)+ (X -g)df + fd(X - g)
=X fldg— X -gdf +(X-gdf + fd(X - g)
= wa.
Next we prove that if the Cartan formula holds for w and 7 then it holds for
w A 1. Since locally any form can be obtained by taking wedge products of

1-forms of the type fdg, this will complete the proof. If w is a k-form, we
have

UX)d(w A )+ dwX) (@A)

=u(X)dw An+ (—l)ko.) Adn) +d((L(X)w) An+ (—l)kw A (W(X)n)

= (W(X)dw) A+ (=D dw A WX)n) + (DX XDw) A dn+w A W(X)dn)
+dW(X)w) A+ (=DF T WX)w) A dn + (=D)Fdw A W(X)n) +w A dW(X)n)
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= (W(X)dw) An+wA WX)dn) +d(X)w) An+wAd(X)n)
=(Lxw) An+wA(Lxn =LxwAn)

(where we have used Exercise 1.15(8)).
(d) We begin by noticing that

(U™ (W) , 1. - V) = @YWy () (@) purs - . (diy) pve)

= Wi/),(p)(yd),(p), (d'(/]t)pvly e (dwt)pvk)
= Wy () (@) p V1) () Y (py» (AP pot, - o, (dVy) pug)
= (lﬁt*w)p AV () Yipy(p)s V15 - -+ Vk)

i.e.

U ((Vw) = ((Y—)Y) (P *w).

Taking the derivative with respect to ¢ at t = 0 and using the fact that the
contraction is a bilinear operation yields the result.

7.2.4 Section 2.4

(3) T? divides S3 into two connected components
My = {(x,y,z,w) € S | x* +y* < 1)

and
My = {(x,y,z,w) € S | x* +y> > 1}.

Let us consider the parameterizations ¢; : U; — M; (i = 1, 2) defined by
i (r,v,v) = (rcosv, rsinv, v2 — r2cosv, V2 — r2 sinv)

on U; := (0,1) x (0,27) x (0,27) and U, := (1, ﬁ) x (0, 2m) x (0, 27).
Then,

pfdx = cosvdr — rsinvdv

pidy = sinvdr + rcosvdv

,
pidz = ———=cosvdr — 2 —r?sinvdv
V2 —r2
r .
oidw = —\/=smvdr+\/2—rzcosvdv
2—r2
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and so <p?‘w = (r(2—=r?) cos? v —r3cos? v) dr Adv A dv. Hence, since the sets

Mi\p1(Uy) and M>\p2(U>) have measure zero we have

[umsf s

Jomif e

Us

27 21
/ (r(2 — r?) cos® v — > cos? v) dvdvdr = +7°
00

o __

2m 2w
//(V(Z — %) cos? v — r3 cos? v) dvdvdr = T2,
00

S

——

where the + signs depend on the choice of orientation.

(4) Let us consider an atlas {(U,, @)} of orientation-preserving parameterizations
on M. Then, since f is an orientation-preserving diffeomorphism {(U,, fopq,)}
is an atlas of orientation-preserving parameterizations on N. Let {p;}ic; be a
partition of unity subordinate to the cover {Wa} of N where Wa = (fowa)(Uy).
Since w is compactly supported we can assume that / is finite. Hence, considering

the forms w; := p;w, we have
/w =3 [u=3 [
IGIN 1EIUQ
Now

(f o pa)*wi = (f 0 o) (piw) = ((f © pa,)*pi) ((f © a;) W)
= (pi o f 0 ) (5, (f*w)) = @4, ((pi o ) f*w).

Moreover, {p; o f}iey is clearly a partition of unity subordinate to the cover {W,,}
of M where W, := ¢, (U,). Hence,

/w_z/(fo%l) i = Z/%l«plof)f w)

lEIU tEIUn
—Z/soa,<fw),—/fw
tEIUa

7.2.5 Section 2.5

(1) First we note that the form w is exact. Indeed, w = da with o = xzdy A dw.
Then, denoting by M| and M» the two connected components of S3\T2, we
have T? = 9M| = OM, and so, by the Stokes theorem,
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/w:/da:/iika,
M, T2

M,

where i : M| — M is the inclusion map and T2 is equipped with the induced

orientation. Similarly,
/w:/da:/iika,
M, M T2

where ir : M, — M is the inclusion map and T2 is equipped with the induced
orientation. Note that this orientation on 7 is the opposite of the one induced
by the orientation of M.
To compute these integrals we consider the parameterization ¢ : U — T2
defined by

(v, v) = (cosw, sinv, cos v, sin v)

on U := (0,2m) x (0, 2m). Then,

@*(ijdx) = —sinvdv, <p*(i;'~‘dy) = cosvdv,
go*(i;fdz) = —sinvdv, cp*(i;’fdw) =cosvdv,
(j = 1,2), and so go*(i;.‘a) = cos2vcos2vdv A dv. Hence, since the set

T2\<p(U ) has measure zero, we have

2 2
/iTQZi/sﬁ*(iTQ) =ﬂ://coszvcoszvdvdv = 472
T U 0 0

2 2
/iika::F/SD*(l;Oé) =:F//Coszvcoszvdvdv R
72 U 0 0

where the =+ signs depend on the choice of orientation on S3. Note that the sum
of the two integrals is zero. This is not surprising since

/w—i—/w:/w:/da:/i*azo
M M»> s3 s3 083

as 9S> = @ (here we used the fact that 72 has measure zero in S°).
(3) (a) Under this identification, we have

(p. Xp)=0
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forall p € ", where (-, -) is the Euclidean inner product in R”*!. Therefore,
IH (¢, p)II* = cos” (1) || pl|* + sin*(wt) = 1,

and H indeed maps R x S” to S". Moreover, H is clearly smooth and
H(, p) = pand H(1, p) = —p for all p € S". Therefore H is a smooth
homotopy between the identity map and the antipodal map. Geometrically,
for fixed p € S" the curve H (¢, p) traverses half of the great circle tangent
to X, at p.
We have

dw=n+ Ddx' A Adx"T

If B! .= {x € R"™! | ||x|| < 1}, we have by the Stokes theorem that

/u):/du):(n—i—l)/dxl/\~-~/\dx”Jrl
Sn

Bn+l B+l

=mn+1) / dx'- . dx"tt > 0.

B+l

Suppose that X exists. Then the antipodal map f : S — S" is homotopic
to the identity map. Now it is very easy to check that f*w = (—1)"*lw.
Since w is closed in S” (it is an n-form), we have by Exercise 5.3(2). that

/w:/f*w:(—l)"“/w.
Sn

sn sn

As [¢w > 0, we must have (—1)"*! = 1, and so n must be odd. For odd n
there exist vector fields X € X(S") with no zeros. An example is the vector
field given by

X(xl ..... X"‘H) =(_x2’x1’.”7_xn+1,xn)’

which is indeed tangent to S” ({(x, X,) = 0) and does not vanish on S"
U Xxll = llxll = 1).

7.2.6 Section 2.6

“4 (@

If w € QF(S") satisfies w = 76 for some 6 € QF(RP™) then

ffw= f"(7"0) = (7o )0 =7"0 = w.
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(b)

Conversely, assume that w € Q% (S") satisfies f*w = w. Then for each open
set U C S§" such that 7, is a diffeomorphism we define 0y € Qk(r(U)) as
Oy = (7T|U_1)*w. We now show that if p € w(U) N 7w (V), for some other
open set V C S" such that 7}, is a diffeomorphism, then (0y), = (Oy),.
Indeed,wehavew’l(p) = {p1, p2} forsome py, p2 € 52 with po = f(p1).
Assume, without loss of generality, that p; € U. Then either p; € V or
p2 € V.If py € V then 7, and |, agree on a neighborhood of pi, and
so do Ay and Ay on the image of this neighborhood (which contains p). If
p2 € V,then 7, =7, o f on aneighborhood of p;, and hence

7TIU_l = f_l °7T|v_1 =f °7T|v_1
on this neighborhood. Therefore,
Ou = (fom, w=(m, D ffw=(m, Hw=0y

on the image of this neighborhood (and in particular at p). We conclude that
0y = Oy on m(U) N w(V), which shows that there exists § € QF(RP")
such that 0y = 6y, for each U. Finally, since wj, = m,*0y for each U,
we have w = 7*6.

It is easy to check that

n+1
W= Z(—l)’+1x’dx1 A Adx T A AT A A dx ]

i=1

is a volume form for " [cf. Exercise 5.3(3)]. Indeed, if vy, ..., v, € R**!
are n linearly independent vectors tangent to S” at x then

n+1 o T v’]_1 v’]+1 vq"H
W1, ..y V) = E (=D
izl vrll U;l—l U;l+l vlr11+l
Xl xntd
1 n+l1
Uy ...V
— 1 1 75 07
1 n+1
v v
as {x, v1, ..., vy} is a basis of R"*!. Since

f*w — (_])FH*]W’

we see that for odd n we have w = 7% for some § € Q"(RP"), which
must be a volume form (as 7 is a local diffeomorphism). Therefore R P”
is orientable for odd n. Assume now that n is even. If R P" was orientable,
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there would exist a volume form 6 € Q" (RP™). Then & := 7*0 would be a
volume form for $” satisfying f*w = @. Since w is also a volume form for
S", we would have @ = gw for a nonvanishing function g € C*°(S"). But,
since f*w = —uw, this function would have to satisfy g o f = —g, i.e. it
would have to assume opposite signs at antipodal points, and hence would
have to vanish at some point. We conclude that RP” is not orientable for
even n. Finally, let n be odd and let U C S” be an open hemisphere. Then
|, 1s a diffeomorphism and R P"\7(U) has zero measure. Therefore

[ro=frvs [ w0 [ [ o
f)

—2/ ro=2 [ o

RP"

Consider the orientation on S” defined by the volume form w of (b). If @
is the orientable double covering of RP" [cf. Exercise 8.6(9) in Chap. 1],

we define g : S" — RP" as

9(p) = (w(p), [(dm)pv1, ..., (dT)pval),

where {vy, ..., v,} is a positive basis of 7}, $". Using the fact that for even n
we have f*w = —w, i.e. f reverses orientations, it is now very easy to show
that g is a diffeomorphism such that 7 o g = 7, where 7 : RP" - RP" is
the natural projection.

Letw € Q" 1(OM) be a volume form for 9M compatible with the induced
orientation. Since 0M is compact (because M is) we have

/w>0.

oM

If f existed it would satisfy f oi = id, wherei : 9M — M is the inclusion
map. Then, using the Stokes theorem, we would have

/w—/(fw)*w—/ fw—/dfw
/fdw—/fO—O

(dw = 0 as it is an n-form on the (n — 1)-dimensional manifold OM).
Therefore f cannot exist.

Assume that there existed a differentiable map g : B — B without fixed
points. Then for each x € B there would exist a unique ray r, starting at g(x)
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Fig. 7.2 Construction of the map f : B — 0B

and passing through x, and clearly r,\{g(x)} would intersect OB in a unique
point f(x) (cf. Fig. 7.2). The map f : B — 0B would be differentiable,
since

x —gx)

f@x) =g(x)+1(x) =gl

where 7 (x) is the unique positive root of the equation

{x, g(x)) — llg(x)|I?

lole’+2
£ GOl DT

+llg)? = 1.

Moreover, we would have f,, = id. Since by (a) the map f cannot exist,
neither can g.

7.3 Chapter 3

7.3.1 Section 3.1

(3) (a) In this case the natural projection map m : M — M/G is a covering
map (hence a local diffeomorphism). For each point r € M /G we can
select a point p € 7~ !(r) and a neighborhood U > p such that M, is a
diffeomorphism onto its image. We then define a metric 4 on 7(U) through
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h = ((m,;)~ Lyx g. To show that this definition does not depend on the choice
of p we notice that any other point ¢ € 7~ !(r) is of the form ¢ = f(p),
where f : M — M is an isometry corresponding to the action by some
element of G. Now V := f(U) is a neighborhood of g such that 7}, is a
diffeomorphism, and 7|, = m,, o f. Therefore

(M) D= "o )™ g = ((m,) H* (FH*g
= ((m,)"H*g,

since f (and therefore £~ 1) is an isometry.

We can define the flat square metric on 7" = R"/Z" by applying the
procedure above to the case when (M, g) is R" with the Euclidean metric
and Z" acts on R" by translations (which are isometries of the Euclidean
metric). In particular, the local geometry of 7" is indistinguishable from
the local geometry of R". We have vol(T") = 1, since, if U := (0, 1)"
then ), : U — T" is a diffeomorphism which covers 7" except for a zero
measure set. Note that each choice of basis for R” determines an action of
7" by translations by integer multiples of the basis vectors, whose quotient
is diffeomorphic to 7”. The metrics obtained on 7" from these actions are
in general different (in particular the corresponding volumes of 7" do not
have to be 1).

We can define the standard metric on RP" = $"/Z; by applying the pro-
cedure above to the case when (M, g) is S” with the standard metric and
Z; acts on S by the antipodal map (which is an isometry of the standard
metric). In particular, the local geometry of RP" is indistinguishable from
the local geometry of S”. Notice also that vol(RP") = %VO](S"), since if
U is a hemisphere then 7|, : U — RP" is a diffeomorphism which covers
RP™ except for a zero measure set.

If g is left-invariant, then we must have

(v,w)y = ((de_u)X v, (de_u)x wW)e
for all x € G and all v, w € T,G. Thus we just have to show that this
formula indeed defines a left-invariant metric on G. It is easy to check that
the smoothness of the map
GxGa(x,y)|—>x_1y=Lx_|y€G
implies the smoothness of the map

GxTG> (x,v) — (de—l)x ve TG,

and that therefore the formula above defines a smooth tensor field g on G.
It should also be clear that g is symmetric and positive definite. All that
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(b)

(c)

remains to be proved is that g is left-invariant, that is,

((dLY)x U, (dLY)x U))yX = <v’ w)x

for all v, w € T, G and all x, y € G. Indeed we have

—

(dLy), v, (dLy), w),,

=((d (Leryr0Ly)) 0. (d (Lyry o Ly)) w).
((de—l)x v, (de—])x w)e = (v, w)y.

Thus any inner product on the Lie algebra g = 7,G determines a left-
invariant metric on G.
Recall that every quaternion g € RSU (2) can be written as

qg=al +bi+cj+dk
witha, b, c,d € R, where 1, i, j, k € SU(2) are given in Exercise 7.17(13)
of Chap. 1, and that SU (2) is the set of quaternions of Euclidean length 1.
Given the identities i> = j2 = k> = ijk = —1, is easy to check that

Furthermore, using this basis to identify RSU (2) with R*, we can write the
Euclidean inner product as

(q1. 42) = Re(q193) = Re(q{q2),
where Re(q) = a. If v € SU(2) is a unit quaternion, that is, v*v = 1, then
(vq1,vg2) = Re(giv*vgr) = Re(qiq2) = (g1, 42).
Therefore multiplication by unit quaternions preserves the Euclidean inner
product. Restricting to vectors tangent to SU (2) we conclude that the stan-
dard metric on SU (2) is left-invariant.
The Euclidean inner product on M, ., = R" is given by
(A, B) = tr(AB").
Therefore, if S € O (n) then

(SA, SB) = tr(SAB'S") = r(S'SAB") = r(AB") = (A, B).


http://dx.doi.org/10.1007/978-3-319-08666-8_1

358 7 Solutions to Selected Exercises

Restricting to vectors tangent to O (n) we conclude that the metric induced
. . ~ o2 . . .
on O(n) by the Euclidean metric of M,,,, = R" is left-invariant.

7.3.2 Section 3.2

(1) (a) Let p € W and p € C°°(M) a bump function satisfying svpp p C W and
p(p) > 0. Thus we have

pX:p)? and pY:pl?.
Using the properties of an affine connection we obtain
Vox(pY) = p(pVxY + (X - p)Y)

and similarly _ L
V,x(pY) = p(pVzY + (X - p)Y).

Equating the two expressions yields
pVxY + (X - p)Y = pVgY + (X - p)Y,
which at p reads

P(PY(VxY)p + (Xp - p)Yp = p(p)(V5V)p + (X - )Y

Since p € W, we have X, = )?p and Y, = )7p. Therefore
p(P)(VxY)p = p(p)(V5Y),p & (VxY)p = (Vi¥)p,

where we’ve used the fact that p(p) > 0. Since p € W is arbitrary, we
conclude that VxY = VY on W.
(b) We have

n . ) n i ) n . P
vxyzvx(;)fﬁ)zg(x.Y)er;YVXﬁ
n a n a

_ yiy 2 k 7
_;(X Y)axi‘f‘;Y V( ,}:lxji)axk

OxJ

! .0 ! . 0

= X YH— Xiykv 5 —
;( )6x' + Z 2o

k=1 ox
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_Z(X Y) -+ Z XfYkF’Jkaal

i,j,k=1
(c) Using
ét) = Zn:x"(r) 9 and V(r) = ZV (t) 0
T4 Oxt ) - oxi )
i=1 i=1
we obtain

DV n 0
W(t) = VeV = Z <c(;) Vi) + Z rt k(c(t))xJ(t)Vk(t)) (8x )L(l)

B
- z (v (1) + Z F’ L ()i (t)Vk(t)> (W)cm'

i=1 k=1
Therefore the coordinate equations for the parallel transport law are

Vi) + Z Fhle) Vi) =0 (i =1,...,n).

J.k=1

(d) Using (7) in the case when V = ¢, i.e. Vi(t) = ! (1), yields

)+ D e i@ =0 G=1...., n).

jik=1
(3) (a) Let X,Y, Z € X(M) and f, g € C*®(M). Then

Vx)(fY+g92) =X -(wW(fY+92) —w(Vx(fY +92))
=X - (fwl)+gw@) —w(fVxY + (X /)Y +gVxZ + (X -9)Z)
=X HHw@) + X - guw(Z) + f(X - (w(T)) —w(VxY))
+9(X - (W(Z)) —w(VxZ)) — (X - HHw) — (X - gw(Z)
= (fVxw)(Y) + g(Vxw)(Z).

(b) (i) We have
(Vixtgy w)(Z) = (fX + gY) - (W(Z)) —w(VyixtgrZ)

=X W(Z)+gY (W) - fw(VxZ) — gu(VyZ)
= f(Vxw+ gVyw)(Z);
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(i) Also,

(Vx(w+m)(¥) =X (w+nX)) — (w+n)(VxY)
=X - W@)+X- X)) —wlVxY) —n(VxY)
= (Vxw + Vxm)(Y);

(iii) Finally,

(Vx(fuN() =X - (fu)) — fw(VxY)
=X fHlu@) + f(X - (W) —w(VxY))
= (X flw+ fVxw)().

(¢) In these coordinates we have

Vxw() =X (w¥)) —w(VxY)

=X- <2widxf(Y)> —w(Z (X v+ Z ri x/yk> al)
i=1 i=1 k=1 Ox

:X-(iinl) Zwl(x Yl — z re XYk,
i=1

i,j,k=1

X wpy' — Z ( > rk X]wk> Y!
i=1

i=1 \j,k=1

(Z <X~wl Z rk. X]wk) dx! ) Y).
i=1 jk=1

(d) Let X be a vector field and T a (k, m)-tensor field. Then we define

VxT (X1, ..., X5, 0", ...,0™) =X - (T(Xy,...,Xx,0", ....,0™)

—T(VxX1, ..., X, 0" ..., 0" — - —T(X1,...,Vx X, 0', ..., 0™
—TXy, .., X, Vx0' 0™ — o =T (X1, ..., X, 01, ..., V™)
for all Xi,...,Xx € X(M) and 01, ...,6" e QY(M). Notice that this

definition generalizes the definition for 1-forms, and coincides with the usual
definition in the case when T is a vector field. A similar calculation to the
one for 1-forms yields
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n
— Ji Jm N r ]1 “Jm _
VxT = Z (X T it z Doy X Ty

iy i J1se s Jm=1 rs=1

n
K rdim J1yr 512 “Jm
- erlkx Tzl N7 1s+ ZF”X ieig to
r,s=1 r,s=1

. . 0 0
Jm yr g J1 Jk—18 I3} 173
E r; XTH i )dx ® ®dx ®(9le® ®8xj""

r,s=1

7.3.3 Section 3.3

(3) (a) Using the fact that f is an isometry and using the Koszul formula we have

21 VxY, fuZ) oy =2VxY, Z)p = Xp - (Y, Z) + Y, - (Z, X)
—Zp (X,Y) (Y, Z]. X)p — ([X, Z]. Y)p — ([Y. X], Z),.

On the other hand,

2<$f*X fiY, f*Z)f(.D) = (f*X)f(p) AfeY, fuZ) + (.f*Y)f(p) AfeZ, fiX)
— (D) pipy - X, [ X) = (LAY, fZ), fu XD pp)
= UXs [ Z), Y0 poy = (LAY [ X S Z) £ )
=Xp - (Y, fiZ) o ) +Yp - (f+Z, [ X) o f)
—Zp - ({(fuX, fiX) o ) = ([l Y, Z1, fuX) f(py
= (LLX Z1 1Y) p oy = (LY X £ Z) )
=X, - Y. Z2)+Yp - (Z,X)—-Zp - (X,Y)— (Y, Z], X)),
=X, ZLY)p =Y, X1, Z)p =2(fiVxY, [iZ) (p)-

(b) Letc : I — M be a geodesic and consider the map ¢ := foc: I — N.
Then, since
d(foc)

e = dt

= (df)cn)Cs
we have

Vi = Viapoe (@Ned) L e (Ved) =0,

and we conclude that ¢ is a geodesic in N.
(4) (a) Since % is the tangent vector to the curve in S? obtained by varying 6 while
holding ¢ constant, we have

o _ 99

%= 90 = (cos 6 cos i, cos 0 sin ¢, — sin )
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(b)
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(9 o\
960 =\o0 00|~

and therefore

Similarly,
0 0
— = —(b = (— sin #sin ¢, sin # cos p, 0)
dp Oy

and hence

We conclude that the metric induced on S by the Euclidean metric of R3
is given by
g =df®db + sin® Odo @ dp.

v _f900 900\ _ (1 O
(9i1) = (9909 gw) B (0 Sinzo)

i 1 0
@) =)~ = (0 ;)

sinZ 9

We have

and hence

The Christoffel symbols can be easily computed from these matrices. For
instance

2
1 (0Ggyi  0gpi  Ogpyp
F@/ —— E i Pl et 997‘/
e 2 i:lg (E)ga + Op ox!

1 9 (sin? 0
= 5900(04—0— (s%)) = —sinfcos.

Only three of the eight Christoffel symbols are nonzero: the one computed

above and
®

o _
F()p_FYa

g = cot 0.

The geodesic equations are
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Fig. 7.3 Geodesic triangle on S? with three right angles

(d

e

()
(€9)

2
0+ Z I‘?j)'ci)'c-/ =0<:>§—sin00056</32 =0;
i,j=I

2
4+ D TiAE =0 $+2c0t00p =0.
ij=1

The curve ¢ given in coordinates by ¢(¢) = (6(¢), ¢(t)) = (%, t) is clearly
a solution of these equations. Therefore the equator # = 7 is the image of
a geodesic.

Any rotation about an axis through the origin in R? is an isometry of R3
which preserves S2. Since we are considering the metric in % induced by
the Euclidean metric on IR3, it is clear that such a rotation will determine an
isometry of S2.

Givenapoint p € SZandavectorv € 17,8 2 there exists arotation R : R3 —
R3 such that R(p) = (1,0,0) and R(v) = (0, 1,0). The geodesic with
these initial conditions is clearly the curve ¢ given in coordinates by ¢(¢) =
(0(1), p(1)) = (5, 1), whose image is the equator. By Exercise 3.3(3), the
geodesic with initial condition v € T, $2 must be R~! o ¢. Since the image
of c is the intersection of S with the plane z = 0, the image of R~! o ¢ is
the intersection of S with some plane through the origin, i.e. a great circle.
For example the triangle with vertices (1,0, 0), (0,1,0) and (0,0, 1)

(cf. Fig. 7.3).
The equations for parallel transport are
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2

0 0 civsj _ 0 0 o _

Vie > rlitvi=0e v+l ve =0
i j=1

& V7 —sinfycosOp VP =0
(since ¢ = 1 along ¢) and
2
VE+ D TEAVI =06 VP 4T,V =0
ij=1
& V¥ +cotbpV? =0

(since ¢ = 1 along c). These equations imply
V% + cos? 90V9 =0 Vi=Aa cos((cos fg)t) + B sin((cos 0p)t)

where A, B € R are constants, and hence

, 1 o A B
VYW= —— VY = —— sin((cos 0p)t) + — cos((cos fp)t).
sin 6 cos 6y sin 6y sin 0y

The initial condition is VQ(O) =1,V¥0) =0, implying A = 1,B =0,
and thus

vl = cos((cos Bg)t);

V¥ = —

sin((cos 0g)t).

sin 0g

Note that in particular
V), V) = (V)% +sin? 6y (V) = 1.
Thus the angle o between V (0) and V (27) is given by
cosa = (V(0),V(Q2n)) = V0(27r) = cos(2m cos btp),

that is
a=2mcosfy or o« =2mw(l—cosbp)

(depending on which angle one chooses to measure).

Using the fact that any point on S can be carried to (0, 0, 1) by an appropriate
isometry, we just have to show that no open neighborhood U C §? of
(1,0, 0) is isometric to an open set V C R? with the Euclidean metric. Now
any such neighborhood contains the image of a curve c(¢) as given in (g)
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(for 6y > O sufficiently small). If U were isometric to W, the Levi—Civita
connection on U would be the trivial connection, and hence the parallel
vector field V () in (g) would satisfy V (0) = V (27). Since this is not true
for any 0y € (0, 5), U cannot be isometric to W.
(i) The parallel postulate does not hold in S because the images of any two
geodesics either coincide or intersect in exactly two points.
(5) (a) As we saw in Exercise 1.10(4), we must have

(v, W)x,y) = <(dL<x,y)—1)<x,y) v (dLOf»y)‘])(x,y) w>

e

for all (x,y) € H and v, w € T(x,y)H. From Exercise 7.17(3) in Chap. 1

we know that
y 0
(dL(xsy))(z,w) = (0 y)

and

[ o 2w w2
Ox 7] Ox 0y [ (x,y)
2 b2 12 1 2)
y Ox 'y Oy y 0Ox 'y 0yloy
1 < L 0 0 0 >
—_ v_+v}_’wx_ y
y2\ Ox Oy Ox 9y 0.1y
1
= —2(vxwx+vywy),
y
that is |
g= ?(dx®dx+dy®dy).
(b) We have
1
= 0
oy — [ Gxx Gxy Y _ [ 52
(i) (gyx gyy) (0 ﬁ)
and hence

. 20
G =@ "= (yo y2>'

The Christoffel symbols can be easily computed from these matrices. For
instance
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2
1 Z ag)l 8gxi . agxy
2 - Ox 3y Ox!

_1“ 0s 2 (1Y o) !
—2Y dy \»? oy

Only four of the eight Christoffel symbols are nonvanishing: the one calcu-
lated above and

1
M, =-Ty =0y =——.
yx XX yy y

(c) The geodesic equations are
2 2
P D THEH =06 - iy =0;
e y
1]=1

1 1
y+ E FxxJ—0<:>y+ -2 ——yr=0.
y y
i,j=1

One can check that the curves o and ( satisfy these equations by direct
substitution. Also, it is clear that a(R) is the positive y-axis. Since

tanh® ¢ +

cosh’t

we see that 3(R) is the intersection of the unit circle with H.

(d) By Exercise 3.3(3), isometries carry images of geodesics to images of geo-
desics. Since the metric on H is left-invariant, any left translation is an
isometry. In particular,

Lanx,y)=(x+a,y)

and
Lo,p)(x,y) = (bx, by)

are isometries for all ¢ € R and b > 0. We conclude that all vertical half-
lines and all semicircles centered on the x-axis are images of geodesics
of H (cf. Fig. 7.4). On the other hand, given p € H and v € T,H, v is
always tangent to one of these. Indeed, if v is vertical then it is tangent to the
vertical half-line through p. If v is not vertical, it is tangent to the semicircle
centered at the intersection of the x-axis with the line orthogonal to v at
p (cf. Fig. 7.4). Therefore the image of the geodesic with initial condition
v € TpM is either a vertical half-line or a semicircle centered on the x-axis.
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(a) (b)

(c) (d)

Fig. 7.4

a Geodesics of the hyperbolic plane and violation of the parallel postulate. b Geodesic

tangent to a vector. ¢ Geodesic through two points. d Internal angles of a geodesic quadrilateral

(e)

®

(o)

(h)

6) (a)

If p and ¢ are on the same vertical half-line then there is no semicircle
centered on the x-axis containing p and ¢. If p and ¢ are not on the same
vertical half-line then there exists a unique semicircle centered on the x-
axis containing p and ¢, whose center is the intersection of the x-axis with
the perpendicular bisector of the line segment with endpoints p and g (cf.
Fig. 7.4).

On the sphere S? there are infinite geodesics which are not reparameteriza-
tions of each other going through any two antipodal points. On R?\ {0} with
the usual Euclidean metric there is no geodesic connecting the points (1, 0)
and (—1, 0).

Since the metric for the hyperbolic plane is a function times the Euclid-
ean metric, the angles measured using both metrics are equal. Consider the
geodesic quadrilateral formed by two vertical half-lines and two distinct
semicircles centered at the intersection of one of the half-lines with the
x-axis (cf. Fig. 7.4). It is easy to check that the internal angles of this quadri-
lateral add up to less than 2. Now every open set U C H contains one
such quadrilateral. If U were isometric to V C R? then the internal angles
of the quadrilateral would have to add up to exactly 2. We conclude that
U cannot be isometric to V.

The parallel postulate does not hold in the hyperbolic plane. Instead, it is
easy to see that given a geodesic ¢ : R — H and a point p & c(R) there
exist an infinite number of geodesics (up to reparameterization) ¢ : R — H
such that p € ¢(R) and ¢(R) N ¢(R) = @ (cf. Fig. 7.4). N

We start by noticing thatif p € N then (VgzY)), depends only on X, = X,
and on the values of Y along a curve tangent to X ,, which may therefore be
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(b)
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chosen to be a curve on N. Since ¥ = ¥ on N, we conclude that V¥ |y
depends only on X and Y. Let us define V : X(N) x X(N) — X(N) by

VxY = (Vg7) '

We shall prove that V is the Levi—Civita connection on N. The fact that
V defines an affine connection on N follows from the fact that V is an
affine connection on M and from the linearity of the orthogonal projection
T, TM|y — TN. On the other hand, given X, Y, Z € X(N) we have

X-((Y,2) =X -(Y,Z) = (VgV,Z) + (Y, VzZ)
=((Vx", Z) +(Y,(Vz2)T)
= ((VxY, Z)) + ({Y, Vx Z)),

where we used the fact that if v € T, N then (v, w) = (v, w') for all

w € T, M. Therefore V is compatible with the induced metric. Finally,

VxY = VyX = (Vg7)" = (V3%) "

X)) =X, 71T =[x, 1],

<

where we used the fact that [i, ?] = [X, Y] on N [cf. Exercise 6.11(7)
in Chap. 1]. Therefore V is symmetric, and hence it is the Levi—Civita
connection on {{-, -)).

If (M, (-,-)) is R? with the Euclidean metric, N C R3 is a surface and
c¢: I — N isacurve we have

Vee=(Vee) =¢T.

Therefore ¢ is a geodesic of N if and only if its acceleration is orthogonal
to N. Assume that c is also a curve on a plane L which is orthogonal to N
(i.e. T,L is orthogonal to T, N for each p € L N N). Then both ¢(¢) and
¢(t) are contained in Ty L. Since To)L N Te(y N = Ré(2), we see that in
this case &' is a multiple of ¢. Finally, if we parameterize ¢ by the arclength,
we have

(¢, &)=1= (¢ =0=¢" =0.

We conclude that any curve ¢, parameterized by the arclength, with image

on L N N is a geodesic of N. Similarly, it is not difficult to show that if L

is not orthogonal to N and ¢ does not vanish then c is not a geodesic of N.

These considerations make the following results obvious.

(i) Onthe sphere S2, any great circle (i.e. any intersection of S with a plane
containing the origin) is the image of a geodesic. Any circle which is
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(c)

(d)

not a great circle (i.e. any intersection of S> with a plane which does
not contain the origin) is not the image of a geodesic.

(i) Any intersection of the torus of revolution with a plane of symmetry
(i.e. a plane such that reflection with respect to that plane leaves the
torus invariant) is the image of a geodesic [see also Exercise 4.8(5)].
Any intersection of the torus of revolution with a plane which is not a
plane of symmetry is not the image of a geodesic.

(iii)) The generators of the cone are images of geodesics (this could also be
seen from the fact that they are already geodesics of R3). The circles
obtained by intersecting the cone with planes perpendicular to its axis
are not images of geodesics.

(iv) The intersections of any surface of revolution with any plane containing
the axis of revolution are images of geodesics. Notice that this includes
all cases above.

This is immediate from the fact that

VeV = (65 V)T =vT
depends only on the operator |, which will be the same for both surfaces if
they are tangent along the curve c.
A parameterization of the cone is ¢ : (0, +00) x (0, 27) — R3 given by

w(r,0) = (rcosf, rsind, rcota)

where « is the angle between the generators and the axis. The induced metric
can then be found to be

dr @ dr + r’d0 ® df.

9=
sin? o

Defining new coordinates

I T
= sin av
0 :=0sina

we have
g=dr' @dr +r?d0 @ db,

implying that the cone minus a generator is isometric to the open set of
R? given by #' € (0,27 sina). In particular, as suggested in the figure,
parallel transport once around the cone will lead to an angle 27 (1 — sin «)
between the initial and the final vectors. Now if the circle on the sphere is
parameterized by
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Fig. 7.5 Relation between « and 6

c(t) = (sinfy cost, sin 6y sin ¢, cos Op)

then by elementary geometry the cone tangent to the sphere along ¢ satisfies

a = % — 6o (cf. Fig. 7.5). Therefore the angle between the initial and the

final vectors is 27 (1 — cos 6p) [cf. Exercise 3.3(4)].
7.3.4 Section 3.4
(3) (a) Letv € g = T,G. Then,
. d . d .
(di)ev = EI(GXP(IU))\;ZO = E(exp(tv)) lio
d
= E(exp(—tv))h=0 = —v

(where exp is the Lie group exponential map), and so (di), = — id. More-
over, for g € G,

i@=g"'=0"9 " =@Ry10i0L, 1)),

implying that
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(b)

(©)

(di)g = (dRy-1)(p-14)-1(di)p-1,(dLy-1)g
for every h € G. Taking h = g we obtain
(di)g = (R, 1)e(di)e(dLy1)g.
Hence, for v, w € TyG,

((di)gv, (di)gw) = ((dRy-1)e(di)e(dL 1) gV, (AR y-1)e(di)e(d L y-1)gw)
= ((di)e(dL g-1)gv, (di)e(dLg-1)gw)
(=(dLy1)gv, =(dLj-1)gw) = (v, w)

where we used the fact that R -1 and L -1 are isometries.

Let ¢ := (¢y)~' =i ocy. Then, from (a), we have ¢(0) = e and ¢(0) = —v,
implying that (co)"Nt) = c_y(1) is the geodesic through e with initial
velocity —v. On the other hand, if v(¢) := ¢, (—t), we have v(0) = ¢, (0) =
e and Y(0) = —v, and so y(t) = c_,(t). We conclude that () '@) =
cy(—t). Now let I := (a, b) be the maximal open interval (such that O € I)
where ¢, is defined, and consider a fixed fy € I such that 0 < #y < &, where
€ > 01is such that exp, (B:(0)) is a normal ball. Then (¢) := ¢, (fo)cy (¢) is
also a geodesic (since L, () is an isometry) defined in /, satisfying

Y(—t0) = ep(to)ey(—10) = ¢y (o) (cy (1)~ = e

and y(0) = ¢, (t9). Since e and ¢, (tp) are joined by two geodesics of length
follv|l < €, these two geodesics must coincide, and so y(f) = ¢, (fg + t) for
all r € I where both sides are defined. If » < +o0 then v would extend
¢y outside 7, which is impossible. Moreover, since ¢, (—t) = (¢, "))~ we
conclude that a = —o0, and so ¢, is defined for all ¥ € R. As

cy(to +1) = (1) = cy(to)cy (1)

for every ¢, ty € R such that |f9| < €, given s € R and choosing m > 0 such
that || < &, we have

m s m—1
cv(s+t):cv(—s+t):cv(—)cv( s+t)
m m m

T (i) ey (’%) cu(t) = cy($)cy (0).

m

Let v € g and consider the geodesics ¢, : I — G such that ¢, (0) = e. Let
X be a left-invariant vector field such that X, = v. Then, since ¢, (s + 1) =
cy(8)cy (1), we have
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(d)

(e)

®
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) d d
Cy(s) = aTth(s + t)ltzo = E(Cv(s)cv(t))lyzo

= (ch,)(s))cv(O)év(O) = (chU(s))ev = Xcv(s)'
We conclude that ¢, is an integral curve of X with ¢, (0) = e. On the other

hand, since L, is an isometry, all geodesics of G are the images by left
translations of geodesics through e. Moreover, since

(Lgocy)0) =gcy(0) =g
and
d .
E(Lg o)D)y = (dLg)er(O) = (dLg)ev = Xy,

we conclude that all geodesics are integral curves of left-invariant vector
fields. Finally, we have

exp,(v) = ¢y (1) = exp(v).

Let X be a left-invariant vector field. Then Vx X = O since its integral curves
are geodesics. Hence, if X and Y are two left-invariant vector fields, we have

0=Vxyy(X+Y)=VxY 4+ VyX =2VyY —[X,Y],
where we used the symmetry of the Levi—Civita connection.

To check that the standard metric in S3 = SU(2) is also right-invariant, we
notice that if v € SU (2) is a unit quaternion, that is, v*v = 1, then

(q1v, g2v) = Re(q1vv*q5) = Re(q195) = (q1, q2).

To check that the metric induced on O(n) by the Euclidean metric of
Myusn = R”z is also right-invariant, we notice that if S € O (n) then

(AS, BS) = tr(ASS'B") = tr(AB") = (A, B).

Let G be an n-dimensional compact Lie group and let (-, -) be a left-invariant
metric on G. Given v, w € TyG define

(o, w)) =/f,
G

where the integral is taken with respect to the (left-invariant) Riemannian
volume element and f : G — R is the function
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f(h) = {(dRp)4v, (dRp)yw).

It is immediate to show that ((-, -)) defines a Riemannian metric on G (pos-
itivity follows from f > 0 when v = w # 0). On the other hand, it is
left-invariant, since

((dRn)kg(dLi)gv, (dRp)kg(dLi)gw)

= ((d(Rp o L)) gv, (d(Rp o Li))gw)
((d(Lk o Rp))gv, (d(Lk o Rp))gw)
((dLi)gn(dRp)gv, (dLi)gn(dRp)gw)
((dRp)gv, (dRp)gw),

and so by integration
(((dLi)gv, (dLi)qw)) = ({v, w)).

Finally, it is right-invariant because

((dRn)gic(d Ri) g, (dRp) gic (d Rie) gw)
= ((d(Rp o Ri))gv, (d(Rp o Ri))gw)
= ((dRipn)gv, (dRip)gqw) = f(kh),

and so

(@R, (R0 gw)) =/f°Lk =/f= (v, w))
G G

(as the volume element is left-invariant).
(6) (a) We have
R(X,Y)X =VxVy, X — Vy, VxX — Vix v X.

Since X and ¥; satisfy Vx X = 0 and [X, Y;] = 0, we obtain
R(X,Y)X =VxVy X = Vx([Y;, X]+ VxY;) = VxVxY;.
(b) Let

0
Y(t) = s expp(tv(s))

ls=0

with v : (—¢,€) — T, M satisfying v(0) = ¢(0). Since

exp, (tv(0)) = exp, (1¢(0)) = c(1),
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we see that Y is a vector field along c. Moreover, we have exp » Ov(s)) = p,
implying that Y (0) = 0. If {¢(#9), Y (f9)} is linearly independent then we
can extend (¢, s) to a system of local coordinates in a neighborhood of
c(tp) and use (a) to show that Y satisfies the Jacobi equation along c in a
neighborhood of #y. We will now show that either the set D C R of points
to where {¢(tp), Y (t9)} is linearly dependent has empty interior (and then Y
satisfies the Jacobi equation along ¢ by continuity) or Y (1) = (t¢(t) for some
B € R (which is also a solution of the Jacobi equation, as R(X, X)X = 0).
Indeed, assume that D has nonempty interior, and let (a, b) be a connected
component of the interior. Then we have Y(t) = f(t)c(r) for some function
f i (a,b) — R, implying that 2 (t) = f(t)c(t) Since D is closed, if
b were finite then Y would be a solutlon of the Jacobi equation along ¢
on some an open interval with infimum b, satisfying Y (b) = ac(b) and

DY (b) = Bé(b) (with o := f(b), 3 := f(b)). Since
Y(1) := (a4 B(t — b))ét)

is also a solution with ¥ (b) = aé(b), ?,Y (b) = 3¢(b), the Picard—Lindelsf
theorem would imply Y () = Y (#) on this interval, and hence b would
not be the supremum of the connected component (because Y (¢) and ¢(¢)
are linearly dependent). We conclude that b = +4oo. Similarly we have
a = —o00,i.e. D = R. Now the formula for Y (¢) can be written as

Y(1) = (dexp,)ic) (10(0)),

and so
S ()
v(0) = hm Y(t) = hm —c(t) = 3¢(0) = Bv(0),
where f(t)
B - t]—>0 t

Also, notice that Y (¢) depends only on v(0) and v(0). Therefore we may
choose for instance v(s) = (1 + s3)v(0), in which case

exp, (1v(s)) = exp, ((1 + s8)1v(0)) = c((1 + s3)1)

and hence Y (t) = (5té(t).
Conversely, given a solution Y (¢) of the Jacobi equation along ¢ with Y (0) =
0, choose
~ 0
V(1) = —exp, (t(vo + swp))
Os

[s=0
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where vy = ¢(0) and wy = %(0). Then ?(O) = 0. Moreover, using the
fact that the Christoffel symbols for normal coordinates vanish at the origin,
it is easily seen that

DY(O) _ _ DY )
dt =W

Since, as we saw above, Y (¢) is also a solution of the Jacobi equation along
t, by the Picard-Lindelof theorem we conclude that Y (t) = Y(r) for all
teR

(c) This is immediate from the formula

Y (1) = (d exp,)ic0) (10(0)).

for a Jacobi field.
(d) From the Jacobi equation we obtain

d? ) d | DY
(o) =22 <7(r>, Y(r)>

=2 —2 D), Y))+2(—(©@), —(t
2

. . DY
=2(R(c(0), Y(@)c(), Y (1)) +2 ”70) = 0.

Moreover, it is clear that this derivative is strictly positive in a neighborhood
of t = 0, since %(0) # 0 (otherwise ¥ = 0). Therefore Y () can only
have one zero (for t = 0).

(e) (i) Regarding T" as [0, 1]" with the usual identifications on the (n — 1)-
dimensional faces, the cut locus of the point p = (%, e, %) is exactly
the union of the (n — 1)-dimensional faces. Each point in these faces
can be reached from p by at least two geodesics with the same length
but different images.

(ii) The cut locus of p € §” is formed by the antipodal point — p, which is
clearly conjugate to p.

(iii) Regarding RP" as the northern hemisphere of S with antipodal iden-
tification of the equator, the cut locus of the north pole is exactly the
equator. Each point on the equator can be reached from the north pole
by exactly two geodesics with the same length but different images.

7.3.5 Section 3.5

(1) To prove Proposition 5.4 we start by checking that d is a distance:
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(ii)

(iii)
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Since d(p, q) is the infimum of a set of nonnegative numbers, it is clear that
d(p,q) = 0. Also, it is immediate to check that d(p, p) = 0. Let B-(p)
be a normal ball and let ¢ # p.If ¢ ¢ B-(p) then d(p,q) > € > 0. If
q € B-(p) thend(p, q) = ||expp_1(q)|| > 0. Therefore d(p, q) = 0if and
only if p =gq.

If v : [a, b] — M is a piecewise differentiable curve connecting p to g then
5 : [a, b] — M defined by ¥(¢) = ~y(a + b —t) is a piecewise differentiable
curve connecting g to p, with the same length. Therefore d(p, q) = d(q, p).
To each pair of piecewise differentiable curves 7 and -, connecting p to
q and g to r we can easily associate a piecewise differentiable curve ~y
connecting p to r such that I[(y) = I(y1) + [(72). Taking the infimum we
obtaind(p,r) <d(p,q) +d(q,r).

To see that the metric topology induced on M is the usual topology we notice that
the normal balls are a basis for the metric space topology, formed by open sets
of the usual topology. On the other hand, let U C M be an open set of the usual
topology and let p € U. If B-(p) is a normal ball, then expp_l (U N B:(p)) is
an open set of T, M containing the origin, and hence it contains Bs(0) for some
0 > 0, implying that Bs(p) C U. This shows that the normal balls are also a
basis for the usual topology, and hence the two topologies coincide.

(2) The set B7(0, 4) is represented in Fig. 7.6. The larger circle has radius 7 and the
smaller circles have radius 2.

®) (a)

(b)

(©)

Since f is a local isometry, it is a local diffeomorphism. To show that it is a
covering map we just have to show that it is surjective and that for each point
g € N there exists a neighborhood U 3 ¢ such that f~1(U) is a disjoint
union of open sets diffeomorphic by f to U. Because (M, g) is complete
and f takes geodesics to geodesics, it is clear that (N, &) is complete and
that f is surjective. Let ¢ € N be an arbitrary point and choose U := B:(q)
to be a normal ball (for € > 0 sufficiently small). Then

FTNU) = U pe o100y Bo(p).

and f is clearly a diffeomorphism when restricted to B-(p) (because f takes
geodesics through p to geodesics through ¢, and so in normal coordinates
it is just the identity). Finally, if p1, p» € f~'(¢) with p; # p; then
B.(p1)NB:(p2) = I, because the intersection points have to be equidistant
from p; and p; (and so cannot form an open set).

The map f : (0, +00) — S! given by f(r) = €'’ is a surjective local
isometry (for the usual metrics) which is not a covering map: the point
1 € S! does not admit any neighborhood U such that f~!(U) is a disjoint
union of open sets diffeomorphic by f to U.

If (M, g) has nonpositive curvature then by Exercise 4.8(6) the exponential
map exp, : TpM — M has no critical points, that is, it is a local diffeo-
morphism. Consider the Riemannian metric & := exp,*g on T, M. This
choice makes exp , a local isometry which takes lines through the origin to
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Fig. 7.6 B7(0,4) on R%\{(x,0) | -3 < x < 3}

geodesics through p. Since these geodesics are defined for all values of the
parameter, we conclude that expy : ToTpM — T, M is well defined for all
v e ToT,M, and so (T, M, h) is complete. By (a), exp, is then a covering
map.

7.4 Chapter 4

7.4.1 Section 4.1

(1) (a) (i) Itsuffices to prove that R satisfies

RXi+ X2, Y)Z=R(X1,Y)Z+ R(X2,Y)Z

and
R(fX,Y)Z = fR(X,Y)Z

forall X, X1, X5,Y,Z € X(M) and f € C°(M). The first identity is
trivially true. To prove the second, we notice that [ f X, Y] = f[X, Y] —
(Y - f)X, and hence

R(fX,Y)Z=VyxVyZ —VyVixZ —Virx.v1Z

= fVxVyZ —Vy(fVxZ) = Viix.y1--nHxZ

= fVxVyZ — fVyVxZ — (Y - f)VxZ
—fVixnZ+ X - f)VxZ
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= f(VxVyZ —VyVxZ —Vixv1Z) = fR(X,Y)Z.

(i) Analogous to (i).
(iii) Again it suffices to show that R satisfies

R(X,Y)(Z1+Z2) =R(X,Y)Z1 + R(X,Y)Z,
and

R(X,Y)(fZ)=fR(X.,Y)Z

forall X,Y, Z,Z>,Z € X(M) and f € C*°(M). The first identity is
trivially true. The second follows from

R(X,Y)(fZ)=VxVy(fZ) —VyVx(fZ) = Vix,y|(fZ)

=Vx(fVy2)+ Vx((Y - /)Z) — Vy(fVxZ)
- Vy(X-2)— fVixnZ—-UX.,Y] - HZ

=fVxWZ+ (X - H)VyZ+ (Y - f)VxZ
+X-(Y-f)NZ—fVyVxZ— (Y- f)VxZ
- X-HWZ-X-(X-)NZ- fVxrZ
- (X, Y]-Hz

= f(VxVyZ — VyVxZ — Vix.v1Z)

+X-Y-H-Y - X-NZ-(AX,Y]-)HZ
= fR(X,Y)Z.

(b) If x : V — R”" are local coordinates around p € M, we have

n X 0 n
R(X,Y)Z =R le—i, >z k
(i:l Ox et 8x1) (

i 9 9\ 0 )

= > XVZR(—. —)— Z X'yIzZFR,
- oxi’ oxi ) oxk K Oyl
i,j.k=1 i,j.k,I=1

Therefore

n

) 0
R D2y = > XY (MZ PRy () (ﬁ)

ik, j=1
depends only on X ,, Y,, Z,,. Moreover, this dependence is linear, and hence
R defines a (3, 1)-tensor.

(4) Let (XL, x f,) and (Y [1, Y[%) be the components of X, and Y, on an orthonormal
basis of the plane generated by these two vectors. Then the square of the area of
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the parallelogram spanned by X, Y, is

—(yly2 2y1y2
= XpY, - Xp¥))

— (w1222 242y 12 1y2yly2
= (X)) (Y™ + (X))"(Y,)" —=2X X, Y,Y,.

On the other hand, we have
IXpIP1Y 012 = (Xp, ¥p)?
2
= (2 + x2?) (2 + ) = (xpvp + x212)
= (X)) + (O Y ) —2X, X Y)Y ).

If Z,, W, is another basis for the plane generated by X, Y, their components
on the orthonormal basis satisfy

zl w! xLyl
pp pp
where § is the change of basis matrix, and therefore

2 2

z! wl ,|x! vl
5wl = WetS) |8 h
‘ZP WP XP YP

Finally, we have

R(Zy, Wy, Zp, Wp) = R(S11Xp + S21Yp, S12Xp + S22Y)p, S11X)
+ 8$21Yp, S12Xp + $22Y))
= (811522511822 — S11822521 812 — 21812511822
+ 8521512821 S12) R(X p, Y, X, ¥)p)
= (S1152 — S1252)°R(X, Y, X, )
= (det )*R(Xp, Yp, X, Y)).

(8) (a) First we note that the corresponding Levi—Civita connections, V! and V2,
coincide. Indeed, by the Koszul formula,

UVYY, Z) =X (Y, Z) +Y (X, Z) — Z - (X, Y);
—([X,Z],Y)1 —([Y, Z], X)1 +{[X, Y], Z),
=2p(V}Y, Z)2,
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and so 2p(V}(Y, Zy) = 2p(V)2(Y, Z), for every vector fields X, Y, Z €
X(M), implying that V}Y = V%Y. Hence,

Ri(X,Y,Z, W) =(Ri(X,Y)Z, W) = (Ry(X,Y)Z, W),
=p(Ra(X,Y)Z, W)a = pRa(X, Y, Z, W)

and so for any 2-dimensional section IT of a tangent space of M we have,

RI(X,Y,X,Y)
IXI21Y 013 — (X, V)3
pRy(X,Y, X, Y)

—1
= - = p~ K (ID).
PPUXIGIY 15 — (X, Y)3)

Ky (ID) =

(b) We have

(R)ij = D (R =D (R = (Ra)ij
k=1 k=1

and so Ric; = Ric). - .
(c) Since (g1)ij = p(g2)i; implies (g1)/ = p~'(g2)"/, we have

Si(p) = D (RN =p7" D (Rij(9)" = p~' Salp).

i,j=1 i,j=1

7.4.2 Section 4.2

(3) (a) Let us take the usual local coordinates on S2 C R3 defined by the parame-
terization ¢ : (0, 7) x (0,27) — R3 given by

o(8, ) = (sinf cos p, sin O sin ¢, cos §).

Consider the field of frames {X, X»} where

X = g and X, ;= 4
1= 9 2T 9p

Then

(X1,X1)=1, (X1,X2)=0 and (X2, X,) = sin* 6,



7.4 Chapter 4 381

(®)

6) (a)

and so a field of orthonormal frames {E1, E»} is given by E; := X; and

E, = ﬁXz, and {w!, w?}, with w! := df and W? := sinBdy, is its

associated field of dual coframes. Moreover,
dw' =0 and dw? =cosfdb Adp = cotfw' Aw?.

The first Cartan structure equations,

do' =w? Aw) and  dw? = w!' AW,
imply that
dw' (E1, E2) = —w,(E1) = Wi (ED)
and

dw’(E1, E2) = wi(E2).
Therefore the connection form w% is given by

Wi = dw'(Eq, Ey)w! + dw?(Ey, Ex)w? = cot§w? = cosfdp.
Hence dwlz = —sinfdf Adp = —w' A w?, and we conclude from
Proposition 2.6 that the Gauss curvature of % is K = 1.

Let us consider on H the field of frames {X|, X,} where

X = g and Xp = 9
= ox 2= Oy’
Then { {
(X17X1)=Fa <X17X2>=O and <X27X2):Fa

andso {Eq, Ep} givenby Ej := y X1 and E» := y X» is a field of orthonor-
mal frames and {wl, wz}, withw! := 17 dx and w? = %dy, is the associated

field of dual coframes. Moreover, !

1
d(,ul=—zcz'x/\dy=cul/\f,u2 and dw2=0,
y

and so the connection form w12 is given by
wi = dw' (Ey, Ey)w' + dw*(Ey, Ep)w? = wl.
Hence d(.ulz = lz dx Ady = w' Aw?, and we conclude from Proposition 2.6

that the Gauss curvature of H is K = —1.
An orthonormal coframe is given by
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W =A(r)dr, W’ =rdf and w?¥ =rsinfde.
From the Cartan structure equations we obtain
dw” =0:w9/\wg+w“’Aw;;
do’ =dr ndb =" /\wrg—l—uﬂ’/\wg;

dw? =sinfdr Adp+rcosfdd Adp =w Awf + ! Awf,

from which one readily guesses that

1
wf = —wp = Xd@,
, sin 0
wi = —wl, = Td(p;
Y _ 0 _
wp = —w, = cosbldp.
The curvature forms are given by
0_ 0 o, 0_ A AT 8
Q, =dw, —wf Nwy = —ﬁdr/\dﬁz —3v AW’
, © A’sind A’ .
QF = dw? —wf/\w; = —Tdr/\dcpz - A3wr A w?;

¢ sin 0 . 1 1 ]
Qg:dwg—wg/\wfz (?—sme)dﬁ/\dcp:r—z(ﬁ— l)w Aw?,

and hence the nonvanishing components of the curvature tensor on this
orthonormal frame are

/

R,y = Q)(E,, Eg) = —

rA3’
I
R,.F = QF(Ey, Ep) = ———
ror r ® }"A3
1 1
Y _ o¥f —
Ré‘gaﬁ = Q@ (Eg, Ew) = }"_2 (E - l)

(plus the components related to these by symmetries). We conclude that the
components of the Ricci tensor on this orthonormal frame are
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2A

0 .

Ry = Rerr + Rgﬁrrp = m’
r 4 A’ 1 1 .
R@GZRH% +R9990 :m—r—z ﬁ_l 5

o, g_ A 11

Roo=Reoe tRopo =2\ ')

The scalar curvature is then

4A' 2 1
S:Rrr+R69+R¢¢:m—ﬁ ﬁ_l .

(b) In this case we have R, = Rgg = Ry, = 2,1i.e. Ric = 2g, and hence

S=6.
(c) In this case we have R, = Rgg = Ryp = —2,1i.e. Ric = —2g, and hence
S =-6.

(d) We have to solve the differential equation

447 2 (1 N
rA3 2\ A2 N
for constant S. This equation can be written as

2A’r+ 1 1 Sr2<:>(r)/_1 Sr?
A3 A2 2 N

- A?

which has the immediate solution

( Sr? C)
A =(1-—+=
6 r

(where C € R is an integration constant).
(7) Defining fields of positive oihonormal frames {E1, E;} and {F}, F>} such that
{E1, E»} is well defined on D and F; = X, we have by Proposition 2.7

M:/a:/ag_wf.
oD oD

Since X is parallel-transported along 0D, we have

N—=

VeFi =0 6 01(&) =0 & ¢} = 0.

We conclude that
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AG:—/W%Z—/dW%Z/KWI/\WZZ/Ka
oD D D D

where we have used the Stokes theorem. The formula for K (p) as a limit can be
obtained by standard arguments.
(9) Considering two fields of orthonormal frames {E, E»} and {F7, F,} positively

oriented such that £ = H_XH and F| = ¢, we have

do
—-(9) =d0E(©) =T]ES) = wi () = FHF1) = ky(s),
where we used the fact that

V:E] =0 < wi(é(s) = 0.

7.4.3 Section 4.3

(1) Clearly (-, -) is bilinear, symmetric and satisfies (v, v); > 0. Moreover, (v, v); =
0 if and only if
(1= nlvllg + tllvlf =0,

that is, if and only if ||v||% = ||v||% = 0, and so v = 0. To see that the function
I,,(t) is continuous we consider the positive orthonormal frame {F7 ;, F ,} with
respect to the metric (-, -); such that

F X
Lt=——-
TIX,
Then IX|
@Y = L@,
TTOIXInL

is continuous with respect to ¢. Since Fa;, d (@"); and d(@?), change continu-
ously with ¢, so does

@D =d@Y (Fip, B, )@Yy 4+ d@) (Fry, Fa )@,

and consequently 7, (z).

(5) (a) Letx = (xl, ..., x™) be local coordinates centered at p and f = fo x~!
the expression of f in these local coordinates. Since p is a critical point
we have R
0
—f.(O,...,O) =0.

Ox!
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(b)

Now ) o
0 _ = Of 09
a(f”)_ ‘ 18xi Os

i=

(where 4/ := x' o ¥), and hence

9% Pf v oy & af 9y
5 (foy = ———— -t ) .
OtOs ! Ox'Ox/ Os Ot P Ox! 0tOs

Setting (s, ) = (0, 0) we obtain
n 82f

(Hf)pv,w) = ~ m

©,...,000 w,

which shows that (Hf), is indeed a symmetric 2-tensor. Since it depends
only on the components of v and w, we see that it is well defined (i.e. inde-
pendent of the choice of the map 7).

In local coordinates x = (x!, ..., x") centered at a particular critical point
p € M we have

n
N 1 ..
fot,xh = fp)+ | E 1§Hi,~x’x1 +o(lxI?)
ij=

wheref ‘= fox'and

o*f
H; =——(0,...,0
8x’xl( )

are the components of the Hessian, and so

of - ;
W(xl, X"y = Hijxd 4 o(|x])
j=1

Since the Hessian is nondegenerate, the matrix (H;;) is invertible, and hence
there exists a neighborhood of p where p is the only critical point of f. We
conclude that the critical points of f are isolated, and since M is compact,
there can only be a finite number of them (otherwise they would accumulate
on a non-isolated critical point). Since (H;;) is symmetric and nondegener-
ate, there exists a linear change of coordinates which reduces it to a diagonal
matrix of the form diag(1, ..., 1, —1,..., —1). If M is 2-dimensional then
the possibilities are diag(1, 1) (in which case p is aminimum), diag(—1, —1)
(in which case p is a maximum), and diag(l, —1) (in which case p is a
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saddle point). Choosing a Riemannian metric on M which coincides with
the Euclidean metric in these coordinates in a neighborhood of each critical
point, we see that close to p

grad f = (x' +0(IIXII))% + (2 +0(IIXII))%
if p is a minimum,
1 7] 5 0
grad f = (—x tollxD)z5 + (=x" +ollixiD) 5=
if p is a maximum, and
grad f = (x' + 0(|IX|I))% +(—x* +0(|IXI|))%

if p is a saddle point. From Example 3.2 we see that grad f hasindex 1 at p
if p is a maximum or a minimum and index —1 if p is a saddle point. Since
the zeros of grad f are precisely the critical points of f, we obtain

xM)=m —s +n.

(6) Note that although QA is not a smooth manifold we can approximate it by a

sequence of smooth manifolds by “rounding the corners” and then take the limit.
In what follows we shall therefore treat A as if it were a smooth manifold.

(a) Let us consider a vector field V parallel along OA. Since the edges of A

are geodesics, the tangent vector to A rotates with respect to V only at the
vertices, by a total amount of

(T =)+ (m = f3) + (m — ).

This must be equal to 27 minus the angle by which V rotates. Therefore we
have

37r—a—6—'y=27r—/K.

A

(b) We just saw that the tangent vector to A rotates with respect to a parallel

vector V by a total amount of

/kgz(ﬂ—a)+(77—ﬂ)+(ﬂ—7)~

0A

By the Gauss—Bonnet theorem for manifolds with boundary, we have
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37r—a—ﬁ—v+/K=27rx(A).
A

Since A is homeomorphic to a disk, we have x(A) = 1, which proves the
result.

7.4.4 Section 4.4

(6) (a) The group of isometries of R2is

(b)

Iso(R*) = {Ax+b| A€ 02), beR?.

Identifying R? with the complex plane C, we can write any orientation-
preserving element f € Iso(R?) as f(z) = ez 4+ b, with § € R and
b € C. The fixed points of f are given by

f(Z)=Z<:>(1—ei9)z=b,

and hence f has no fixed points if and only if ¢! = 1, i.e. if and only if f
is a translation. On the other hand, we can write any orientation-reversing
element g € Iso(R?) as g(z2) = ¢%Z + b, with € R and b € C. For
instance, a gliding reflection along the real axis is given by h(z) =z + &
(with ¢ € R). Let r(z) = ei%z be the rotation by g and letf(z) = z +in
(with 7 € R) be the translation by i € iR. Then

(rohotor Yz = el (e_igz +in +§) =7+ eig(ﬁ —in)

is a gliding reflection (with axis of slope tang at a distance || from the
origin). Since this map is equal to g for £, 7 satisfying

E+in= eigz,

we conclude that any orientation-reversing isometry of R? is a gliding reflec-
tion. These obviously do not have fixed points as long as the translation along
the reflection axis is nonzero, that is, as long as e_i%b ZiR.

Let ' be a discrete group of Iso(R?) acting properly and freely on R.
Hence, I" can only contain translations and gliding reflections.

Suppose first that I only contains translations and let #; € I" be a transla-
tion in I" such that #; (0) has minimum length (it exists since the action of
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I' is proper). Then the group I'1 := (#1) C I' generated by #; contains all
translations of I" with the same direction as #;. Indeed, if ¢ is a translation in
I'\I'y with the same direction as 7, then, taking m € Z for which #{" is the
element of I'; with #{"(0) closest to £(0), the length of t‘lti” (0) is smaller
than the length of #1 (0), contradicting our initial assumption.

If 'y # I' then let #, € I'\I'1 be such that 7, (0) has minimum length. Then
t1 and t, generate a lattice in RZand T = (t1, ). Indeed, if there were an
element ¢ in T'\(¢1, #2) then, taking m, n € Z for which #{"5 (0) is closest
to £(0), the length of ! 1"'t5 (0) would either be smaller than the length of
t1(0) or the length of 1, (0).

If " contains gliding reflections then let g € I" be a gliding reflection such
that ¢2(0) has minimum length (it exists since the action of I" is proper). If
I'1 ;== (g) # T then I'\I'; contains translations (if g; € I'\I'y is a gliding
reflection then g~ ! g is a translation in '\I'}). Lett € I'\I"; be a translation
such that 7 (0) has minimal length (it exists since the action of I is proper).
By a suitable choice of coordinates we can assume that g(z) = z + £ with
EeR. Lett(z) =z+bwithb =a+ i € C (where o, § € R). Then

Yotog)@) =g '@+ E+b) =2+,

(g~
and we conclude that I" contains the translations by » and b, and hence
by 2« and 2i 5. Since ¢%(0) = 2¢ has minimal length, it is easy to check
that 2ce must be an integer multiple of &, as otherwise it would be possible
to construct a gliding reflection g with |72(0)] < |¢%(0)|. Since ¢(0) has
minimal length, we see that o must be either 0, :I:% or ££; however, it

cannot be :i:%, as in that case I" would contain the reflection z — z, and it
cannot be £, as in that case I" would contain the reflection z — z+i 3. We
conclude that ¢ is the translation by i 3, and hence the orbit of 0 € R? under
(g, t) is the same as its orbit by the group generated by the translations by &
and i 8. A similar argument to the one above shows that I = (g, t).

(7) To determine R?/(f) we start by noticing that each point in the open half-

plane {(x,y) € R? | x < 0} is equivalent to a point in the open half-plane
{(x,y) € R? | x > 0}. On the other hand, we have

Ry = fF(fxy) = f=x,y+ 1D = (x,y +2).

Therefore any point in R? is equivalent to a point in the strip

S={(x,y) eR*|x>0and0 <y <2},

and hence R?/(f) is homeomorphic to S/ ~, where the equivalence relation ~
is defined on S by
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(x,0) ~(x,2) and (0,y) ~(O0,y+1).
Now S/ ~ is clearly homeomorphic to the semi-infinite cylinder
C={(x.y,2eR|x*+y*=1andz > 0}
quotiented by the identification (x,y,0) ~ (—x,—y,0) on the boundary
(cf. Fig. 7.7). This, in turn, is clearly homeomorphic to a projective plane minus

a closed disk, which is homeomorphic to a Mobius band (without the boundary).

To determine R?/( f, g), we notice that any point of R? will be equivalent to a
point in the rectangle R = [0, 1] x [0, 2]. Moreover, since

g(fx,y) =g(=x,y+ 1D =U—-x,y+ D),

we see that actually any point in R? is equivalent to a point in the square
Q = [0, 1] x [0, 1]. Therefore R?/(f, g) is homeomorphic to Q/ ~, where
the equivalence relation ~ is defined on Q by

©O,y) ~(,y) and (x,0)~ ({1 —x,]1).

This is precisely a Klein bottle.
(8) (a) First note that the map

az+b
) =
J@ z+d
satisfies f/(z) = m and Im(f(z)) = m, where 7z = x + iy.

Then, we easily check that g maps H 2 onto itself and that, for f(z) =
v(x,y) +iv(x, y),

Fig. 7.7 R%/(f)
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. (0 0 o .0
(f"9): (55) =9f@) f*a,f*a)

(
(8v8 v 0 oOv 0 8v£)
(
(

=90\ ax Taxay oxox | ox oy
ovd ovo @ﬁ_@ﬂ)
“IDO\oxax  Bydy dxox Oy dy

L ((ov)"  (ow))_ I
E( )+ () )=ﬁ|f’(z)|2

where we used the Cauchy—Riemann equations for f (see for instance
[Ah179]). Similarly, we can see that

[l
< =
Q
a1
N
P
Pl

0 0 0 0 1
o (5 35) =0 e w0 (5535) = 3

and so f is an isometry of H2. Moreover, det(df) = | f'(z)|*> > 0 and so
f is orientation-preserving.

Recall that an isometry maps geodesics to geodesics. Hence, if we prove
that given two points p, g € H> and two unit vectors v, w respectively at p
and ¢ there exists g € PSL(2, R) such that g(p) = ¢ and (dg) pv = w we
are done (here we also denoted by g the map given by g(z) = g - z). For that
we first see that the orbit of i is all of H2. Indeed, given any zg = xo + i Yo
with yp > 0, the map f;,(2) := yoz + X0, corresponding to the matrix

X0
/Yo VD)

1
0 7%

€ PSL(2,R),

takes i to zo. In addition, the maps ry : H> — H? corresponding to the
matrices
cosf sinf

€ PSL(2,R)
—sind cos

fix i (i.e. rg(i) =i for every €) and are transitive on vectors at i, since
cos(26) — sin(20)

(drg)i =
sin(26) cos(26)
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(they act as SO(2) on T; H?). Hence the map g = f; org o fp_l, where
# is such that (drg)i(dfp_l)pv = (dfq_l)qw, takes p to ¢ and is such that
(dg)pv = w.

(c) This is an immediate consequence of (b).

(d) Let f : H> — H? be an orientation-preserving isometry. If f has two
fixed points then it must fix the geodesic through them. Let z be a point in
this geodesic and choose a positive orthonormal frame {E;, E»} € T, H>
with E; tangent to the geodesic. Then (df),E; = Ej, and, since f is an
orientation-preserving isometry, (df),E> = E;. We conclude that (df),
must be the identity, and so f fixes all geodesics through z, that is, f is the
identity map.

Now let f : H> — H? be any orientation-preserving isometry, choose two
points z1, 22 € H? and let g be the element of PSL(2, R) such that g(z;) =
f(z1) and g(z2) = f(z2), given by (c). Then f o g*] is an orientation-
preserving isometry with two fixed points, and so it must be the identity,
thatis, f = g.

7.4.5 Section 4.5

(1) (a) This is clear from the fact that (6;(? )
)7|N =Y.
(b) This is also immediate from the fact that

Iy depends only on X|, = X and

B(X,Y) =Vz¥ — (VgV) | = (V7).

(c) By Exercise 6.11(7) in Chap. 1 we know that [X,Y]is tangent to N. There-
fore

B(X,Y)— B(Y,X) = (Vg¥)" — (V3X) = [X, V" =0.

(d) Let f be a function on N and let f be any extension of f to M. Then
~ Ll -
B(fX,Y) = (Vf;(Y) = [ (VgY)" = FBX. V),

and, by symmetry,
B(X, fY)= fB(X.Y).

Moreover, it is clear that

B(X+Y,2)=B(X,Z) + B(Y, Z)


http://dx.doi.org/10.1007/978-3-319-08666-8_1
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and
B(X,Y+Z2)=B(X,Y)+ B(X, 2).

(e) If x : V. — R are local coordinates around p € M, we have

l n ' a n ; . 8 a
B(X,Y) = ZX ax’ Z ol | = Z XY'B (ﬁ’ %)

j=1 i,j=1
Therefore
o 0
B(X,Y), = Z Xl(p)YJ(p)B( )

" OxJ
i,j=1

depends only on X, Y),.
(f) From Exercise 6.11(7) in Chap. 1 it is clear that [X Y] is an extension of
[X, Y]. Therefore

6ﬁ,ﬁff = Vix.rX = B(X, Y], X)

is orthogonal to N.
4) Letg: D C N — S" be the Gauss map defined on a neighborhood D of p.
Since det(dg), = (—1)" det(S,,) = (—=1)"K(p) # 0, we may assume that g is
a diffeomorphism on D. If w is the standard volume form of S”, we have

vol(g(D)) = / W= /g*w

9(D) D

(as g may be orientation reversing). If {vy, ..., v,} is an orthonormal basis for
TyN = Tyy)S" with g € D then

gwi, ..., v) =w(dg)g i, ..., ([dg)g vn)
=det(dg)g w(vi, ..., vy) =det(dg)g,

and hence g*w = det(dg)wy on D (where wy is the volume element of N). We
conclude that

vol(g(D)) = / det(dg)| = / | det(dg)| = / K|

D D D

(as det(dg) does not change sign on D). The result then follows by the mean
value theorem:
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K
. 1{| | vol(g(D))
K(p)l = lim P = lim — 0
D—p VOI(D) D—p VO](D)

(5) (a) The ball B-(p) is covered by geodesics of length ¢ that start at p, defined
by ¢, (t) = expp(tv), with 0 < t < ¢ and |[v|| = 1. Hence, N, :=
exp,(B- N IT) is formed by the geodesics in B.(p) that are tangent to IT.
Let us choose an orthonormal basis {(E1)p, ..., (E;)p} of T, M such that
{(E1)p, (E2)p} is a basis of I1. Choosing normal coordinates

o, xh) = exp, (in(Ei)p)s
i=1

we have
N,=1{q € B-(p) | x*(q) = --- = x"(g) = 0O}.

We conclude from Exercise 5.9(3) in Chap. 1 that N, is a 2-dimensional
submanifold of M.
(b) From Exercise 4.8(2) in Chap. 3 we know that normal coordinates satisfy

~ 0
Ox! ax P

fori,j = 1,...,n, where V is the Levi—Civita connection of M. Conse-

quentl y,
B — V - j— 0
8.x n axl p Oxt axj )

for i, j = 1,2, and hence the second fundamental form of N, vanishes at
p. From Proposition 5.3 we then have

KN (1) = KM (17).

(6) Letc: I — N be a geodesic in N parameterized by arc length and tangent at a
point c(s) to the principal direction (E;).(s) (a unit eigenvector of S”c(s))' Then
the geodesic curvature (in M) of c is given by

ky(s) = IVe) ()|l = 1BE(s), ¢(5)) = Vegs)é(s)l
= [[B(C(s), ¢(NI = [{((Sne(,) (€(5)), €N
= [((Sne) (Eie(s))s (Ei)e)D| = [Ail-

(7) (a) A parameterization of the paraboloid is, for instance, the map ¢ : R? > R3
given by


http://dx.doi.org/10.1007/978-3-319-08666-8_1
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1 2 2
QO('U7 U) ={v,0, E(/U +v ) .

The tangent space to the paraboloid at (v, v) is generated by

oo _ Op _
S0 = (1,0,v) and 5 = 0,1, v),

and a normal vector is

dp Oy
« _

% % = (—’U, —U, 1)

A possible choice for the Gauss map is therefore

(v, v, —1)
VIFoZ 402

Notice that the image of the paraboloid by this map is contained in the
southern hemisphere of S?, where we can again use the two first coordinate
functions of R? as coordinates. In these coordinates, the Gauss map is simply
written

(v, v)

I, V) = ———e,
V1+v2 402

and its derivative is represented by the Jacobian matrix

g(v,v) =

3

di— (A + P+ —on( 2 40?7
—ou(l+ 02 +0)73 A+ 4P +0)73 )

We conclude that the Gauss curvature of the paraboloid is
K =det(dg) = (1 +v> +v*) 72

A parameterization of the saddle surface is, for instance, the map ¢ : R* —
R? given by
e, v) = (v, v,vv).

The tangent space to the saddle surface at (v, v) is generated by

) 0
a—f:(l,o, 'U) and a_fz(oalvv)v

and a normal vector is

dp Oy
_X_—

o~ ov (=v, =v, 1).
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A possible choice for the Gauss map is therefore

(v, v, —1)
g, V) = —————.
V1+v2 42
Notice that the image of the saddle surface by this map is contained in the
southern hemisphere of S%, where we can again use the two first coordinate

functions of R? as coordinates. In these coordinates, the Gauss map is simply
written
(v, v)

VT2 407

and its derivative is represented by the Jacobian matrix

g, v) =

di— —ov( 421273 (L) 402 +02) >
A+ )1 +02 40272 —wvd4+02+02)2 )

We conclude that the Gauss curvature of the saddle surface is

K =det(dg) = —(1 + 0> +v>) 2.

7.5 Chapter 5

7.5.1 Section 5.1

(5) The Koszul formula yields

2(VxY. Z2)) =X - (Y. Z)+ Y - (X, Z)) — Z- (X, Y))
= ([X, Z]. Y)) = (¥, Z], X)) + ({([X, Y], Z)).

Noting that for instance
X-((Y.Z) =X - (ezf’(Y, Z)) — 20X (Y, Z) + 2dp(X)e* (Y, Z),
it should be clear that

2((VxY, Z)) = 26> (VxY, Z) + 2dp(X)e* (Y, Z)
+2dp(Y)e* (X, Z) — 2dp(Z)e* (X, Y)
=2((VxY, Z)) + 2({dp(X)Y, Z))
+2((dp(Y)X, Z)) — 2e*"(grad p, Z)(X, Y).
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(6)

®)
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Since
*(grad p, Z) = ((grad p, Z))

and Z is arbitrary we obtain
VxY = VxY +dp(X)Y +dp(Y)X — (X, Y) grad p.

Lets : I — J be a diffeomorphism and vy : J — M the reparameterization of
¢ : 1 — M defined by

c(t) :==(s(0).

‘We have 4
&) = ﬁ(s(t))d—jm (7.29)

and consequently

Vié =V, (dsy) (ﬁ)«w(ds)w 5
d dr? dt g
d (log ds )é—i— (d_s) Va4
~dr dt K

dt
Therefore, if ¢ is a reparameterization of a geodesic -, then c¢ satisfies

Veé = ft)é
with d 4
\}

f@) = (log o )

On the other hand, if ¢ satisfies (7.29), then the reparameterization 7y of ¢ deter-

mined by
s(t) = /exp (/ f(t)dt) dt

is a geodesic.

Recall that the local coordinates (x1, ..., x", v}, ..., v")on TM parameterize
the vector

Z v axl
which is tangent to M at the point with coordinates (xl, ..., x™"). Therefore, we

have
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1 < -
1 1 1
K(x,...,x”,v,...,v”):z E gij(x", .. xHvY
ij=1

_[9o 9
9 =\ i ax

are the components of the metric in this coordinate system. Consequently,

81)’ Z 9ij v/

where

and hence

— (x(r) (1) = Zg,, (@ ()H (1),

j=1
leading to
d (0K i
E(W <x<r>,x<r>>) Zgu<x<r>>xf<r>+ > g’(x(f»xk(f)xf(f)-
Jj.k= l

Moreover,

1 < gk
- J Jk
xi 22

and hence

0 .
—(x(t) i) = 5 ag—( X ()i (@),

We conclude that

d (0K . oK . -
o (% (x(t),X(t))) T (x(1),x(1) = ;gij(X(t))x’ ()

+ Z ( O (etay) — 5 (x(t))) £ (05(0).

On the other hand, if v, w € T, M are written as
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then we have

p(v) (w) = Z gijv'w! = Z gijv'dx! (w),

i,j=1 i,j=1
and hence
n n ) )
u(v) = Z gijv'dx) = Z gijv!dx'.
ij=1 ij=1
Therefore

D¢ " ) n ] '
a (d_,c(t)) = > gijx(®) (551(!) + > F;ﬁ,(x(t))xk(t)xl(t)) dx'.

i,j=1 k=1
Since
n n
1 im (O9mi Ogmk  Ogui
Zglfrkl =3 Z 9ij 9" ( Ok + oxl  Oxm
j=1 Jj.m=1
_ 1 (0gi n 9gik  Ogu
oxk ~ Ox! oxi )’
we have

> g )T (e ()i (1)

J.k, =1
0gi ; . .
=3 Z ( SR + 5 %9 S (x(0) — ﬂmm) FO# 1)
kl 1
:g::l( g”( ) = 5%( (t))) ik @),

which completes the proof.

7.5.2 Section 5.2

(4) (a) The position of the particle m is

(x1, y1) =11 (sin 0, — cos 0).
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Its velocity is therefore
(X1, y1) = llé(cos 0, sin0),
yielding the kinetic energy
o= i
Analogously, the position of the particle m is
(x2, y2) =11 (sin @, — cos 0) + [ (sin o, — cos ),
and its velocity is
(X2, y2) = llé(cos 0, sin @) + lrp(cos @, sin ),

corresponding to the kinetic energy

1 . 1 . ..
K>, = §m211292 + 5””2122902 + malil> cos(8 — p)fo.

The kinetic energy map K : TN — R is then given in local coordinates by
K = %(ml +m) 2?2 + %mﬂzz(mz + malyly cos(8 — p)v?v?.
Since the potential energy is clearly
U =migyi +magy: = —(mi + m2)gly cos 0 —magl cos o,
the equations of motion are

(m1 +m2)11%0 + malilr cos(0 — )&
+ malily sin(d — ©)p> = —(my + m2)gl sin 0

and

mala? 3 + malils cos(@ — p)d — malily sin(6 — ¢)6>
= —mygl> sin .

(b) The linearized equations are

(m1 +m)li*0 + malih$ = —(my +m2)gh0
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and .
maly$ + molihf = —maghp.

Solutions of these equations satisfying ¢ = k) must simultaneously solve

(7711112 +maly? + kmzhlz) 0 =—(my +my)glht

and

(km2122 + mzlllz) i = —kmaglh.
Therefore k must satisfy

(my +ma)ly% + kmalil (my + ma)gly

kmalo? + molyl> kmogly ’
that is
p b EV(B - +phh
- 2uly '
where o
=——¢€(0,1).
M —— 0,1

Notice that k has two possible values, one positive and one negative, corre-
sponding to the two pendulums oscillating in phase or in opposition of phase.

From the first linearized equation of motion it is clear that the period of the
oscillations is

I + kuly i+ Db £/ — 1) +4ulih
2r | —————= =27 7 .
g g

Notice that the period is longer when the two pendulums oscillate in phase,
and shorter when they oscillate out of phase.

7.5.3 Section 5.3

(3) Assume without loss of generality that m is supported in the plane &3 = 0, and
consider the measure
Mg 1= M + €0¢; + E0_¢;.
Since this measure is not supported on a plane, the covariant acceleration V;S
determined by the left-invariant metric
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(V. W) = /<V§, We) dm.

R3
satisfies
(Vg8 V) = / (S, VE) dm..
R3
Now

(V. W)). = /<V§, WE) dm + 2¢(Ves, Wes)
R3

converges to the left-invariant metric
w.wn = [ve.weyam
R3

ase — 0, and therefore VS converges to the covariant acceleration VSS deter-
mined by ((-, -)). Hence

((VS, V) = lim ((VES, V). = lim / (8¢, ve) dm.
R3

:111% /(Sg,vg>dm+2a<§e3,w3) :/(Sg,vadm.

3 R3
(4) Since s0(3) = {A € gl(3) | A+ A" = 0} is the space of 3 x 3 skew-symmetric
matrices, we can define the map Q : s0(3) — R3 that, given
0 —da3z ap
A= a3z 0 —a; | €s0(3),
—ap a; O

yields
Q(A) = (a1, a2, a3).

The map €2 is clearly a linear isomorphism and it is easy to check that the Lie
bracket on s0(3) is identified with the exterior product, i.e.

Q(A, B]) = Q(AB — BA) = Q(A) x Q(B).

Moreover, given £ € R3, we have
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0 —a3 ar fl a253 - a3§2
A=\ a3 0 —a & =|a¢ —ar&
—ay a; 0 IS a1€? — ax¢!

= (a1, a2,a3) x § = Q(A) x &.

(7) (a) We have

(SIS"Yv = S(I(S'v)) = S/[g x (S'v x &)]dm
R"ﬂ

:/S[f x (S'v x &)]dm

R3

= /[(sg) X (v x (8§€))]dm
R?

_ / [€ x (v x €)]dm = Iv,

R3

where we used the fact that S preserves the mass distribution to change
variables.

(b) Let v be a nonzero vector orthogonal to the reflection plane. Then Sv = —v.

Moreover,
S(Iv) = SI(S'S)v = (SISHSv =1Sv = —1v,

implying that /v is parallel to v and so there exists a principal axis with the
direction of v.

(c) Let v be a vector with the direction of the rotation axis. Then Sv = S'v = v.

Moreover,
S'(Iv) = S"(S1SHv =15"v = Iv,

implying that v is also fixed by S* and consequently by S. Hence /v has
the same direction as v and so the rotation axis is principal.

(d) Let v be again a vector with the direction of the rotation axis. Then, if w is

a vector perpendicular to v, we know that S’w is also perpendicular to v.
Moreover, if w is an eigenvector of I with eigenvalue « (i.e. if Jw = aw)
we have

I1(S"w) = (§'S)IS"w = S"(SIS"Hw = S"Tw = aS'w
and so S"w is also an eigenvector of I associated to . Considering a basis

{e1, ez, €3} of R3 formed by principal axes so that e is parallel to v, we
have that if S is not a rotation by 7 then $¢; is also an eigenvector for the
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eigenvalue I, independent of e> and perpendicular to e;. Hence, the I5-
eigenspace contains span {e;, e3}. Consequently, every vector orthogonal to
v is an I-eigenvector and so all axes orthogonal to the axis of rotation are
principal.
(13) Since the kinetic energy will not depend on ¢ or 1, we can assume without
loss of generality that (o = 1) = 0. For this choice, the velocity of a curve on
SO (3) is given in terms of the Euler angles by

0 1 0 0 (00 0
0 0cos@ —sin@ | +60 {0 —sinf —cos0
0 0 sin@ cosf 0 cosf —sinf

0
1
0
0-10
00059—51n0 100},

0 sinf cosf 000

' ~1
S=¢[10
0

and hence
) 0 —cosfsinf ) 00 0 ) 0-10
A=S"185=¢[ cos6 0 0 |J+6[00—-1)+4|100],
—sind 0 0 01 0 000

corresponding to
Q = $(cos ez + siney) + Oey + the3 = Bey + psin ey + (P cos O + V)es.
The kinetic energy is therefore

1 L /- I .
K =329 = 31 (92 + ¢ sin? 9) + 33 ($cos+ ).
(14) (a) Using U = Mgl cos 6 one readily obtains the equations of motion:

(119)—11 sin 0 cos 09 + I3 sin 0 (pcos O + 1)) = Mgl sin
(Ilgosm 0+I3cost9(gocose+1/)))

(13 (¢cosf + ¢))

The equilibrium points are obtained by setting 0 = P = w = 0 in the
equations, and are given by the condition sin# = 0 (assuming / # 0).
These correspond to the top being at rest in a vertical position (possibly
upside-down).



404 7 Solutions to Selected Exercises

(b) Itis easy to see that one can solve the equations of motion by setting ¢, ¢
and ) constant, provided that these constants satisfy

—1Iy sin @ cos 0% + I3 sin 05 (p cos O + 1)) = Mgl sin 6.
If o] <« |4)|, these conditions can approximately be written as

Mgl

I3ysin 0p1) ~ Mglsin < ¢ ~ ——.
Iy

7.5.4 Section 5.4

(3) Let X be an integrable distribution. Then for every p € M there exists an open
set U around p and local coordinates (x!,...,x") : U — R" such that the
connected components of the intersection of the leaves with U are the level sets
of @+, ..., x"): U — R"™ Hence, if X, Y € X(X) then

i 0 — ;0
X = Xi i Y = Yi _—
2. X5 2.V 55
i=1 i=1
on U. Consequently,

[X,Y] = Z(X Yi—v. X)%

on U. Since U is arbitrary, we see that [X, Y] € X(U).

(5) Locally it is always possible to complete {w', ..., w" ™"} to a local coframe
O, ..., 0m, W, WY Let{X1, ..., X, Y1, ..., Yu_m) be the dual local
frame, so that ¥ is locally given by {X1, ..., X,,}. We have

do' (X, Xi) = X - W' (Xe) = Xi - w' (X)) — " (X, Xi])
= —w' (1X. XiD),
and therefore the distribution will be integrable if and only if
dw' (Xj, Xp) =0
foralli=1,...,n—mand j,k=1,..., m. Writing
n—m n—m

m m
dw' = Za;kﬁ-//\ﬂk z b 07 AWk 4 chw’/\w

jk=1 j=1 k=1 jik=1
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we have ' ‘
do' (X}, Xp) = ay

and hence the integrability condition is equivalent to requiring that the functions
a’,, vanish. Since
J
m
dw' AW A AT =D dh 0T A AW AL AW,
k=1
this is the same as requiring that
do' Aw' A AT =0

(assuming m > 2; for m = 1 both this condition and the integrability conditions
are trivially satisfied).
We have

dE _d (1. D¢ P
o (E(C(I), (1)) + (C(t))) = <E(t)’c(t)> + (dU) e (1))

D¢\ . o s
=H (E) (©) = F(&)(¢&) =R(©)() =0,
since for a perfect reaction force
R = (1~ R@), &) =0.

(a) Given two points p = (xo, yo, fp) and ¢ = (x1, y1, 1) in R? x S! consider
the curve ¢ : [0, 1] = R? x S! given by

(x0. 0. 30 — 0o) t + 0p) . if t € [0, §]

c(t) == 1 (xo + Bt — D(x1 — x0). Yo+ Bt — D(y1 — y0).0) . if 1 € [§. 3]
(1. y1. Gt =20y —0,) +0,) . ift €[5, 11,

where

(x1 — x0, y1 — y0)
Vx1 —x0)2 + (y1 — yo)?

(cosfy,sinf;) =

if (x0, yo) # (x1,y1), and 81 = 6y otherwise. Clearly c¢ is continuous,
piecewise smooth, c(0) = p and c¢(1) = ¢. Moreover,
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30, — 0o)Y, if 1 € (0, 3)

¢ =13/ —x0)> + (1 —y0)? X, if 1€ (3, %)
300 —0,)Y, ifre(3,1)

with 5 5 5
X:cos@La—f-sin@La—y and Y:%,

and so c¢ is compatible with X. The set of points accessible from p by a
compatible curve is therefore R> x S!, and so ¥ cannot be integrable (if
Y were integrable any compatible curve would be restricted to an integral
submanifold).

Since the kinetic energy is given by

Mo 2\, I, 002
K_z(w)+w%)+2w)

we have

8K_8K_5‘K_

ox o0y 00

8K_Mx OK_M), 8[(_]9

oo =MV Gy =M G =
and so

D¢ .. .. -
I (E) = MiXdx + Mydy + 10d6.

Moreover, since the reaction force is perfect, we have
R = dw = —Asinfdx + Acosfdy.
The motion of the ice skate is then given by a solution of the equation of

motion Dé
c .
% (E) =R()

which also satisfies the constraint that (x, y) is proportional to (cos €, sin 8),
i.e. it is a solution of the system of ODEs

MX = —Xsinf
My = Acost
0=0

ycosf —xsinf = 0.
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Hence 6(t) = 0y + kt for some constant k € R.

If k # 0, differentiating y cos @ — X sin § = 0 yields

X

A
V= Xtan6 + )'C(:>Mcos€:)'c'tan9+

cos2 6 cos2 4

cos 0

sinejé = itanf + %fc & ;—C = —ktan@.
Then log x| = log| cos 8] + constant, yielding

x(t) = rsin(fy + kt) + Ag

y(t) = —rcos(by + kt) + Bo

O(t) = 0 + kt

A = MK?r,
where r, Ay, Bo, 0, k are integration constants. Notice that

(x(1) = A0)* + (y(1) — Bo)* =7r*
and so ¢(¢) traces out a circle of center (Ag, By) € R? and radius |r| with
constant speed |kr|. The reaction force can be interpreted as a friction force
which does not allow the ice skate to slide sideways, forcing its trajectory

to curve.
If k = 0, differentiating y cos § — x sin § = 0 yields

A
. 00 — ¥ sinfo = 0 2o,
ycostp — xsin by 4

and so
x(t) =1lcosbyt + xg

y(t) =Isinfyt + yo

0(r) =6y

A=0,

where xg, yo, 8o, [ are integration constants. Notice that in this case c(¢)
traces out a straight line through (xg, yo) of slope tan 6y with constant speed
|1]. Since the ice skate is sliding along its length, the reaction force vanishes
in this case.
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(c) The equation of motion is now

bey _ dU +R(c)
Plar ) = ¢
< Mixdx + Mydy + 16d6 = —Mgsinadx — Asinfdx + Acos6dy.

The motion of the ice skate is then given by a solution of this equation that
also satisfies the constraint equation, i.e. a solution of the system of ODEs

MX = —Mgsina — Asin6
My = Acosf

g=0

| ycosd — xsing =0.

Hence 6(t) = 6y + kt for some constant k € R. If k # 0, differentiating
ycosf — xsinf = 0 yields

X.

A
t{ & —cosf = Xtan6 +
cos26" T M * cos2d

y=Xtanf +

From the first equation of the system of ODEs we obtain

A sin o 1

= — X,
M gsin9 sin 6

and so, substituting above,

co .
X,

s6 . . .
nd (gsina+ X¥) = Xtan 6 + p—
implying that

X sind

———X = —gsinacosf
cos 6 cos2 6

or, equivalently, that

d( i\ ;
a1 \coso = —gSmaoacosvu.

Hence g
X = ~ sin v sin 0 cos 8 + [ cos 6
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for some integration constant / € R, and
_ g . ) .
y=-3 sin asin“ 6 + [ sin 6.
Differentiating this last equation yields
¥y = (kl —2gsin asin 6) cos 6

and so
A= M(kl — 2gsin asin ).

We then obtain
x(t) = 4% sin v cos(2(6y + kt)) + % sin(fg + kt) + Ag
y(t) = = sino (t — ﬁ sin(2(6 + kt))) — %cos(@o + kt) + By

0(t) = 0g + kt

A= M (kl —2gsin asin(fyg + kt)),
where 6o, k, I, Ag, Bo are integration constants. It is interesting to notice that
unlike what one might expect x(f) remains bounded, whereas y(f) grows

linearly.

If k = 0 then, again differentiating y cos # — x sin § = 0, we obtain

x(t)=—4 sina.cos 0y t2 4+ 1 cos by t + xo
y(t) = —% sin v sin 6 cos o 12 + I sin Opr + yo
0(t) =6y

A = —Mgsin a sin 6y,

where 0y, [, xg, yo are integration constants. As one would expect, the
motion in this case is uniformly accelerated with acceleration g sin o cos 6.

7.5.5 Section 5.5

(1) If ¢ € C is a critical point of the action, (U, xY, ..., x") is a local chart
and t € (a,b) is such that ¢(t) € U then we can find ¢ > 0 such that
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c([t —e,t +¢]) C U. Considering variations which coincide with ¢ outside
[t —e, t+¢€], we conclude that c must satisfy the Euler—Lagrange equations on this
local chart in the time interval (f —¢, ¢ +¢). Hence any critical point of the action
must satisfy the Euler—Lagrange equations on the local chart (U, x!, ..., x") for
allt € (a,b) such thatc(t) € U.

Conversely, suppose that ¢ € C satisfies the Euler-Lagrange equations on any
local chart. We introduce an auxiliary Riemannian metric on M and consider
normal balls with center at the points of c([a, b]). Because c([a, b]) is compact,
we can choose such balls such that the infimum of their radii is positive (consider
an open cover of c([a, b]) by totally normal neighborhoods). Using the fact that
the length of ¢ is necessarily finite, we can choose a finite number of these
balls (which are coordinate charts for the normal coordinates), By, ..., By, and
points fy,...,tny—1, witha < t; < --- < ty_1 < b, such that c(a) € By,
c(b) € By and
cti)e BiNBiy1 (i=1,...,N—1).

For an arbitrary variation 7 given by 7 : (—¢,¢) x [a,b] — M, we have,
repeating the calculation in the proof of Theorem 5.3,

]
d P o~
als:o / L(y(s))dt = (FL)¢qy) (8_::(0’ ti)) - (IFL)c'(t,-_1) (8—3(07 ti—l))
ti—1

fori =2,..., N —1, where we used the fact that ¢ satisfies the Euler—Lagrange
equations on B;. Analogously,

1

d o
< / L(y(s))dt = (FL);() (a—Z(o, n))

ds |S:0
and
i/ -
5
ds oy / Ly(s)dt = =FL) i) (a(o, lN—l)).
IN—1

Adding these formulae we finally obtain
b

i /L(’y(s))dt =0.
dS ‘.v:O

a

(a) If weidentify R? with the z = 0 plane in R3 then the rotating frame’s angular
velocity is 2 = e;. According to Exercise 3.20(11), the third particle’s
equations of motion are
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m(x, y,2) = (Fy, Fy, F) —mQ x (2 x (x,,2))
—2m2 x (X,9,2) —mQ2 x (x,,2)
= (F)C’Fy’ FZ)+m(-x7 yvo) —2m(_57,)2',0).

The first two components of this equation are precisely
. Fx .
X=—4+x+4+2y
m

. Fy .
y=—+y—2x
m

(The third component is mZ = F, and thus requires F, = 0 for a particle
moving in the orbital plane).
(b) First note that

n=(e-1 +u)2+y2)% and ry = ((X+u)2+y2)%-

Hence,
oL 1—
—:vy—l—x—i(x—l—l—,u)— 'u(x—i—u) and
8x 13 }’23
oL X 1% 1_N
oy~ YT
Moreover,
oL .
= — d — =’ y
o v y an y v+ X
and so

d (O o) et and
di \gpr 00V ) =m0

4L o)) =5
at \opy 0= L

Hence the Euler-Lagrange equations are

. A L — K
¥=2y=x——S@-1+p——5G+p
ri )
.. . iz 1—p
Vy+2X=y——Sy——5y
ri mn
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which are exactly the equations of motion in the rotating frame.
(¢) The Hamiltonian function is

1 —p
7‘2.

_ L2 2 1 o 2 H
=5 (@7 +07) =56 4 - -

(d) Letusnow find the equilibrium points, i.e. constant solutions of the equations
of motion. Since in this case we have

X=X=y=y=0,

we obtain

Lxvm=0
rn

poo l—p
l-——-———)=0
y( rd 3 )

If y # 0 we obtain from the second equation that

Rewriting the first equation as

poo l—p
X 1__3_ 3
ry rp-

1 1
)*““‘”(n—s‘rz—s)zo

and using the second equation we get that 1 = r, = 1 at the equilibrium
point, which in turn satisfies the first equation. Hence we have an equilibrium
point (% — i, ‘/73) with y > 0 and another equilibrium point (% — U, —‘/T§)
with y < 0. Note that these two points are equidistant from the two massive

particles.
If y = 0 then the equilibrium points are given by the critical points of the
function : )
2 — i
Ux) = —x*+ + )
0 2 lx +1—ul  |x+p
Since ) 21 )
U') =1+ —F oo,

x+1—p x4 pp
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and
lim U(x) = hm Ux)= lim Ux)=

x—+00 x—p—1
we see that U has exactly three critical points, which are local minima, one

in each interval (—oo, 1 — w), (1 — pu, p) and (p, +00).
(e) To linearize the system we make the substitution

x=3-p+é
y=+% +n

and notice that at the equilibrium points

arl_x—l—l-u_ 1 8r1_y_i\/§_
ox o) N oy rn 27
Oy  x+p 1 3r2_y_i~/§
x rn 2 oy rn 27
so that 5
1 3 3
—14aZ oV
3 t38F 50t
and s
1 3
el ——f:FTW‘f‘

Substituting on the equations of motion yields the linearized system

5—2ﬁ=—u(;€¢$2/§n)(—1)—(1— )(—£ 3 )(2)
ﬁ+2€=—u(;€$3{n)(i{)—(l—u)(—zé {n)(i{)

or, equivalently,

.. 3 343
5—27?:15in(1—2/¢)77

. 3V3 9
ﬁ+2£=i*7f<1—2u>§+zn

The matrix of corresponding linear first-order system is
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0 0 10

| 0 0 0 1
= [§ +38 1 —2p) 0 2 |

£33 (1 —2p) 3 -20

and has characteristic polynomial
27
det(A — M) = \* + 2\ + = ).

The roots of this polynomial satisfy

o SLEVT 27— )
- . ,

and so at least one will have a positive real part unless they are all pure

imaginary. So the equilibrium point is unstable exactly when

1—27u(l—p) <0 —2 << .

2

Given S € SO(3) we have

4 xp(tB)S = BS = (dRs), B = (XB)
dt ! S

where X 8 is the right-invariant vector field determined by B.
The Lagrangian for the free rigid body is

L(V) = %((V, V)
and is clearly SO (3)-invariant (because ((, -)) is). Since
FLyy (W) = ((V, W)),
The Noether theorem guarantees that the quantity

JB = (FL)4(X®) = ((S, BS)) = ((SA, BS))

is conserved along the motions of the system for any B € s0(3), where as
usual we have written § = SA. Setting @ = Q(A) and ¥ = Q(B), we have

JE = /(SAg, BSE)dm = /(S(Q x €), T x (S€)) dm

R3 R3
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_ /(sz X €. (S'E) x &) dm = /((S’m,g X (@ x &) dm
R3 R3

= <S’z,/[g x (Q x g)]dm> = ('S, P) = (X, SP).
3

Since B, and thus X, is arbitrary, we conclude that the vector p = SP is
conserved.

7.5.6 Section 5.6

(1) Letus consider the canonical symplectic form on 7*M given in local coordinates
(' ..., x", p1,.... pa) by

n
w= dej Adx/.
j=1

This form is clearly closed. To show that it is nondegenerate at « € T*M let us
consider a vector v € T, (T*M) such that w(v, w) = O forevery w € To(T*M).
Then, writing

0
_ J
v Za 8x1+ J@p

and setting w := % fori € {1, ..., n}, we obtain
- N ®dad — did @ d; 0
O—w(v,w)—jgl(dpjé@dx —dx’ ® p])(v, 8—m)__a,
If, instead, we use w := % fori e {1,...,n}, we get
- ; ; 0
0=wh,w) = ;(dpj ®dx) —dx) ®dpj) (v, %) =b;.

We conclude that v = 0, and hence w is nondegenerate. Finally, the form

n n
WV"=wA AW = dej/\dxj A A dej/\dxj
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=nldpy Adx" A+ Adpy Adx" =

nn—1)
2

=nl(=1)" 2 dpi A+ Adpy Adx" A+ Adx" #0

is a volume form on T*M.
(2) (a) Inlocal coordinates we have

1 n o
L', oo xm ol ) = 3 Z gij(xl,...,x")v’vf
i,j=1

n
+Za,~(x1,...,x")vi—U(xl,...,x"):K—i—C—U
i=1

where « = > aydx’ and C = 3°_; a;v’. Now we know that

D¢
Jz (5(1‘)) + dU)cr

is given in local coordinates by

n

d 8K . 8[( . . n 8U i
; [E (ﬁ(x(t), x(t))) - E(x(t),x(t))] dx' + ; W(x(t))dx '

Moreover,

d (0C e |
; [E (w(X(l‘),X(t))) — ﬁ(x(t)’ x(t)):| dx

|4 o 0oy i i
; E(a,(xm))—; oo O (@) | dx

=

> (%(x(r)) - %(x(r))) () | dx',
io1 | =1 \9¥ *

and so ¢(¢(t))da is given in local coordinates by

n

D L2 w5 0n) = L8 oy, 5o |
~ | dt ot ' Ox! ’ '

Then the Euler—Lagrange equations are equivalent to
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ZH: [1 (a—L(x(t) x(t))) _ O fc(r»} dx' =
p dr \ vl ’ Oxi '

K +C
- Z [dl (g( o, x(z)))

5(K+)
81

o (d_:(”) +1(é) + dadU) ey = 0,

(x(0), x(®) + —(X(t))]

and the result follows.
(b) We have

= 2 (5ew.con+vean) = 20.60) + @rmeo)
dr VT \2\ e ¢ “\ar e 4O
D¢ . . ..
=L ( T ) ©)+dU() = —u()da(¢) = —da(é, ¢) =0.
(c) Inlocal coordinates, the Legendre transformation is given by
pi = 8vl Zg,]v’ +o;  (G=1,...,n),
and can be readily inverted:
. n s
V' =Yg (pj—ay)  =1.....n).

j=1

This shows that the Lagrangian is hyper-regular.
(d) As a function on the tangent bundle, the Hamiltonian is

n n
oL o
H = v——L— Zgl]v v’+Zo¢,v —L == Zgijv’v]—i—U.
i=1 i,j=1 i,j:l
Therefore, as a function on the cotangent bundle, it is given by

| L
H== > gid" ¢ (e — o) (pr — ) + U
2, e

1 <& .
=3 > i~ ap — ) + U,
i j=1
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and the Hamilton equations are

n
=g (pj—aj
j=1

n kl n

pi = —% > aai,. Pk — (P —ap + > g"’%m —ap) - %

k=1 k=1

If the set of points p € U such that v, (p) € U for some r > T were not dense
in U then there would exist an open set V' C U such that ¢;(V) N U = & for
all + > T. But the Poincaré recurrence theorem applied to V would guarantee
the existence of a point p € V such that ¢;(p) € V C U for some t > T, and
hence p € (V)N U.
The geodesic flow corresponds to the Hamiltonian given in local coordinates by

1 n §
Hel o2 pu ) =5 20 076 xpip;.
i j=1

Itis easily seen that the (conserved) value of H is just % llé(2)||? for each geodesic
¢ : R — M given by the flow. Since M is compact, the set K = H_l([%, %]) is
also compact, as it is diffeomorphic to

1
lvGTMlzillvllfl}.
Consider the open set
. 1 1
U=jaeT M|§<H(a)<§and7r(a)eB C K.

By the Poincaré recurrence theorem there exists o € U such that ¢ (o) € U
for t{ > T. Now the projection of ¢;(«) on M is a geodesic ~y(¢) such that
~v(0) € B and v(t1) € B. Moreover, ||¥(t)|| = k for some % < k < 1. Therefore
c(t) := v(t/k) is a geodesic with ||¢(z)|| = 1 which satisfies ¢(0) € B and
c(t1/k) € B,ie.c(t) € Bforsomer > T.

7.5.7 Section 5.7

2

Let Fy,..., F, € C*®(T*M) be in involution and independent at some point
o€ T*Mandlet Xp,, ..., XF, be the corresponding Hamiltonian vector fields.
Then, at o, the vectors (X, ) € To(T*M) are linearly independent. Indeed, if
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> ai (Xp)a =0

i=1

for some ay, ..., a, € R, then

0= L(Zai (Xﬂ)zy)wa = Zai L ((XF,)(!) Wa = _Zai (dF)a
i=1 i=1 i=1

andsoa; =--- = a, = 0since (dF1)q, ..., (dFy), are linearly independent.
On the other hand, we have

Wa (XF)as (XFy)a) = {F;, Fj}(@) = 0. (7.30)

Let us take the m-dimensional space W = span{(XF,)q, ..., (XF,)a} and its
symplectic orthogonal

WY ={w e T,(T*M) | wa(v,w)=0 forall v e W}.

Then
2n =dim T, (T*M) = dim W + dim W¥.

Indeed, if we consider the map

O T(T*M) > W*
v (L(W)wa))y
we can easily see that ker ® = W* and im ® = W* (since any element in W*
can be extended to an element in 7, (T*M) and the map v — t(v)w, is an
isomorphism between T, (T*M) and T, (T*M)). Hence,
2n = dim To(T*M) = dim W* + dim W* = dim W* + dim W.
Since, on the other hand, we clearly have W C W by (7.30), we conclude that
2n =dim W¥ +dim W > 2dim W = 2m
and son > m.
(3) (a) We know that the geodesics of M are the critical points of the action deter-

mined by L = %(v, v), where (-, -) is the metric induced in M by the
Euclidean metric of R3. If i : M — R3 is the standard inclusion, we have

iYg=i"(dx®dx +dy®dy+dz ®dz)
= (f(2)%d0 ® dO + ((f'(2))* + 1)dz ® dz,
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(b)
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since
x = f(z)cosf and y = f(z)sinb,
and so
i*dx = d(f(z)cosb) = —f(z) sin0df + f'(z) cos Odz
and

i*dy = d(f(z)sinf) = f(z)cosfdd + f’'(z)sinfdz.

Therefore the Lagrangian for the geodesics of M, given by the kinetic energy,
is

1
L0, 20" 09 = 5 ((F@P N + (@) +1) 09?).

Since
oL oL ) .
900 (f@)™’, 5t = (F' @) + D7,
a—L = 8_L — / 012 1 ” 782
o6 =" 5, = [ @0 + F O @0,

the Euler-Lagrange equations are
f@I+2f' ()02 =0
('@ + Di+ flf" (@)% — ) f (28> =0.

If § = 0 then the first Euler—Lagrange equation is trivially satisfied. More-
over, the second equation becomes

M CON GNP
@2+

and then

i(1‘+11((/<>>2+1))—o
ar \ %8¢ 2ogfz o

Hence,
('@ + D=k

for some positive integration constant k and so
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d V4
= /((f/(s))2+1)1/2ds = k.
dt
0

Noting that

G(z) = / (f'sN*+ D2 ds
20

is an increasing function of z (since ((f’ N2+ DHY2is positive), and hence
injective, we obtain the trajectory given in local coordinates by

0(t) = by,
2(t) = G~ Y(kr)

for some constant 0y € R.
On the other hand if the trajectory satisfies f’(z(¢)) = 0 the Euler-Lagrange
equations become

=0 and 7=0.

Hence, 6 = 6y + kt and z(t) = zo + It for some integration constants k, .
Since we need f/(z(r)) = 0, if f is not a constant function we get [ = 0
and z(t) = zo, where zo is a critical point of f, and we obtain trajectories

0 =0p+kt and z(t) = zop.
If f is a constant function (that is if S is a cylinder) then any trajectory

satisfying @ = 0y + kt and z(t) = zo + It is a solution.
(c) The Legendre transformation is given in these coordinates by

oL 2,0 6 po
= —_—= v =
Po ave (f(Z)) v (f(Z))2
<
oL NG . . Dz
- 9= _ = P
Pz = 8UZ - ((f (Z)) + 1) v (f/(Z))z + 1
Since it is clearly invertible, L is hyper-regular. The Hamiltonian function
is then
2 2
Po Pz
H(, z, pp. p2) = pov? + pov° — L = + _L
) ) (f@)? " (f@)P2+1
po* s

= + .
2(£ @)% 2((f"@)*+ 1)
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(d)

(e)
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By the Hamilton equations,

. OH
Po =5 =0

and hence py is a first integral. Now

TP dpg + dp:

Pz
(ﬂ) (f' @2 +1
_[f&We f@ﬁ%@mz]d
(f@P  (f@)2+1)?

and hence d H and dpy are linearly independent on the dense open set of
T*M formed by the points whose coordinates (z, #) are well defined and do
not satisfy

g f"(2)p:? }_
n2|

f@[U@P+«ﬂ@V+

Thus they are independent for instance whenever p, # 0, i.e. outside a
3-dimensional submanifold, and so H and py are independent on a dense
open set.
The equations for this level set are py = [ and
12
< 7t Pz2
F@? (@2 +1
p—zz 2F — —.
(f'(@)”+1 (f ()

12

These can be solved for p, on the set of points for which the right-hand side
is nonnegative, i.e. for

[
f(Z)EE

If f has a strict local maximum at z = z¢ then the projections of invariant
level sets Lk ) close to the geodesic with image z = zo will be sets of
the form z,,in < z < Zmax, With Zmin, Zmax close to zp and satisfying
Zmin < 20 < Zmax- Lhus geodesics with initial condition close to a vector
tangent to z = zo will remain close to z = zg, meaning that this geodesic is
stable.
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7.5.8 Section 5.8

(2) (a) Ifw = X7 dpi Adx' then we saw in Exercise 6.15(6) that {x', x/} =
{pi»pj} =0and {p;,x/} = ¢;;j fori, j = 1,..., n. On the other hand, if
this latter condition holds then

N N 9
X.i= l’ J . 17 A ) = ——
; Z({x e T ”f}ap.,) i

i=1 /

and
n

0 0 0
Xp = > \tpi /Y 5= +1{pi il 5— ) = 57
pi ({p * }Bxl tp p‘/}apj) Ox!

i=1

implying that

o 0
N (W’ W) =w(Xp,. Xp,) = {pi, pj} =0

o 0 o
_—, = Xi,X i) = 17 J =V,
w(api,apj) wXyi, X)) ={x",x/} =0

o 9 ,.
w (8—171, %) = —(.U(Xxi,ij) = —{)C ’pJ} =5ij,

andsow = > "' dp; Adx'.

(b) It is immediate from the Darboux theorem and Exercise 6.15(1) that w" =
w A -+ Awis avolume form on S.

(c) Assume that S is compact. If w = df then W" = d(@ Aw A - - Aw) (as
dw = 0), and so by the Stokes theorem we have

/w”:/d(ﬁ/\w/\~~/\w)=0,

N N

which is a contradiction.
(4) (a) We have

BY = B(dx',dx’) = {x', x/}

fori,j=1,...,n.
(b) If F, G € C*°(M) then

n
Xp-G={F.G}=B(dF.dG)= > B
ij=1

i OF 0G
Oxt OxJ


http://dx.doi.org/10.1007/978-3-319-08666-8_6
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424 7 Solutions to Selected Exercises

" _OF 0
= Bl — - G.
Z Oxi OxJ G

ij=1
(c) From the Jacobi identity we have
o, ed xRy o R X R =0
& (xf, BMY + (xd By + (K By = 0
& X -BY4 X, B"4+X. BT=0
fori, j,k =1, ..., n. Noticing that

n

o,
o il
X,i=> B 2
=1

we obtain

n

dBIk L OBX OB
;( o TP o TP o

(d) The definition of the Hamiltonian vector field X r on a symplectic manifold
(M, w) can be written in local coordinates as

n n
. ) ) oF
(XF)w=—dF & i jE_l Xpwijdx' @ dx) = — 8x’ —dx'.

Using the antisymmetry of (w;;) we then have

n
OF
D= g o X = G

Jj=1

where (W) := (w'/)~!. Since by (b)
n n
. . OF . OF
X = B/ — = — BY —
F ; ox/J j; ox/J

we must have (BY) = —(w") = —(w;;) "
(e) If B is nondegenerate then we can define a linear isomorphism ® : T;M —
T, M for each p € M through

QW) (n) = B(w,n)
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forallw,n € T;M . In local coordinates, we have

D (W) () = ZB’wm, ZB’wlj(m,

i,j=1 i,j=1

that is,

P (W) = Z B — ax]

i,j=1
We can then define a 2-form w € Q2(M) through
wv, w) = B(@®~' (v), ! (w))

for all v,w € T, M. Setting (B;;) := (B”)~!, we can write w in local
coordinates as

n

w,wy= > BY(=Byv") (=B

ik =1
n
= Z Byv*v! Z Bijv'v/,
k=1 ij=1
that is, (w;j) = —(B; j)_l. This shows that w determines the same Poisson

bracket as B and is nondegenerate. To show that it is closed we notice that

- 5 8BJk _ OBy
Z Ygxr T oxr

Z Bp,Bq]BrkB’
i,j.k, =1

for p,g,r =1, ..., n,and so, multiplying the formula in (c) by B); B;; B«
and summing over i, j, k we have

OBy, N OBy,  OBpq
oxPp Ox4 ox’

This is equivalent to

n
Owjr  Owri  Owij . . «
y : dx' @ dx’ @ dx* =0,
,-,;zl(axl*axf*axk reaed

or, noticing that the expression in brackets is antisymmetric in each pair of
indices, to
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aw]‘k

Ox!
i,j,k=1

dx' ANdx? Adx* =0 & dw = 0.

(9) (a) From the expression of the group operation it is clear that

and so

xay)

L p-1(x,y) = (z AR

Therefore, by Example 5.4, the lift of the action of H on itself to 7*H is
given by
(@, D) - (pxdx + pydy) = (L4 p-1)" (pxdx + pydy)

Px Py
=—d —dy,
b x + b y

which can be written in local coordinates as

(@, b) - (.3 pas py) = (bx +a by, B 22)

Since

2
b p b2y? 2 2
K(bx%—a,by,?x,?y):T(I;xz +b_; =K(X,y,Px,Py),

we see that K is H-invariant.
(b) The functions F' and G are H-invariant as

F (bx +a, by, &, &) = by& = ypx = F(x,y, px, py)
b b b
and
Px P P
G (bx + a, by, 7/‘7, 7}}) = by;y = ypy = G(x, Y, Px» Py)

These functions are coordinates on the quotient manifold 7*H / H (they are
the components on a left-invariant basis), and so the Poisson structure of the
quotient is determined by


http://dx.doi.org/10.1007/978-3-319-08666-8_5
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(F.G) = Xp G = OF 8G+ OF G OF 0G  OF 0G
EE AR ~ Opy Ox Opy 0y  Ox Opy 0Oy Opy

=—pxy=—F.

The Poisson bivector on the quotient is therefore

o) ) 0 0
B = {F, G}_aF ® o T (G, F}—aG ®or

o) 0 o) o)
=—F—Q —=+F—=Q—.

Since B vanishes for F = 0, the quotient T*H/H is not a symplectic
manifold.
(c) Differentiating the expression

L(a,b)(-xv )’) = (bx +a, bY)

along a curve (a(t), b(t)) through the 1dent1ty e = (0, 1), it is readily seen
that the infinitesimal action of V = « a‘i + ﬂ ay € b is

0 0
= (a+ fx) o +/8y8_y

From Example 5.4, the momentum map for the action of H on T*H is the
map J : T*H — b* given by

J(pxdx + pydy)(V) = (pydx + pydy)(XV) = (o + Bx) px + Bypy.

Since K is H-invariant, J is constant along the Hamiltonian flow of K, and
s0, choosing a = 0 and 8 = 1, we obtain the nontrivial first integral

I(x,y, px, py) = xpx + ypy

for the Hamiltonian flow of K (in addition to the obvious first integrals K
and py). A geodesic for which K = E, p, =1 and I = m then satisfies

32 (pa2 4 p}) =2E & Y22 + (m - x) = 2F,

which for [ # 0 is the equation of a circle centered on the x-axis.


http://dx.doi.org/10.1007/978-3-319-08666-8_5
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Le Havre NewYork

Fig. 7.8 Spacetime diagram for the Lucas problem

7.6 Chapter 6
7.6.1 Section 6.1

(1) The solution becomes trivial when one represents the transatlantic ships’ motions
as curves in a 2-dimensional Galileo spacetime (cf. Fig. 7.8). Thus, each transat-
lantic ship would meet 13 others when at sea, at midnight and at noon of every
day of its voyage. Allowing one day at the arrival port for unloading, refueling
and reloading, it would be possible to run this service with 15 transatlantic ships.
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(3) By composing with an appropriate translation we can assume without loss of
generality that f maps the origin to the origin. Therefore we just have to prove
that f is linear.

We start by noticing that f maps 2-planes to 2-planes bijectively. Indeed, take
any 2-plane IT C R” and consider 3 straight lines on IT which intersect pairwise.
Then their images must also be straight lines which intersect pairwise, and hence
define a 2-plane IT'. Any straight line contained on IT intersects at least 2 of the
3 pairwise intersecting lines, and hence so does its image, which is therefore
contained in IT". We conclude that f(IT) C IT’. The same argument shows that
f~I(IT) c I, and hence f is a surjection of IT onto IT’. Since it must be
injective, it is a bijection.

Consider the restriction of f to a 2-plane IT. Since it is bijective, it must take par-
allel lines to parallel lines. Therefore it takes parallelograms to parallelograms.
Since f maps the origin to the origin, we see that f (v +w) = f(v) 4+ f(w) for
any two vectors v, w € R".

Finally, consider two parallel lines on IT and draw the parallel line which is
equidistant from both. Any parallelogram with two sides on the two initial lines
will have diagonals which intersect on a point of the third line. Because f is a
bijection and preserves parallel lines, the same will be true for the image. We
conclude that f maps equidistant parallel lines to equidistant parallel lines. We
can easily use this fact to show that f is continuous on each 2-plane. Since it is
additive, it must be linear.

7.6.2 Section 6.2

(1) Since (-, -) is nondegenerate there exist vectors v, w € V such that (v, w) # O.
Moreover, there is a vector v € V such that (v, v) # 0. Indeed, even if (v, v) =
(w, w) = 0 we can take ¥ := v + w and then

(v4+w, v+ w) =2(v,w) #0.

We will now show the existence of an orthonormal basis by induction in 7, the
dimension of V. If n = 1 we take w € V such that (w, w) # 0 and define

where |w| := [(w, w)|%. Clearly (vy, v1) = %1 and {v;} is the required ortho-
normal basis.
If n > 1 we again take w € V such that (w, w) # 0 and let
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If W is the orthogonal complement in V of the space spanned by v; thendim W =
n—1,v; ¢ W and the restriction of (-, -) to W is symmetric and nondegenerate.
We can apply the induction hypothesis and obtain a basis {va, ..., v,} of W
such that (v;, v;) = 0ifi # j and (v;, v;) = £1 fori = 2, ..., n. Therefore
{vi, ..., v,} is the desired basis of V.

To show that the signature of (-, -) does not depend on the choice of orthonormal
basis we note that it can be invariantly defined as the dimension of a maximal
subspace of V where (-, -) is positive definite minus the dimension of a maximal
subspace of V where (-, -) is negative definite.

Fix inertial coordinates (xo, x!, x2, x3). Then

3 9 3 P
v:Zv’W and w:Zw’W.
i=0 i=0

(a) (1) Since v is timelike and future-pointing we have
3 .
w,v) = - + Z:(v’)2 <0 and > 0.
i=1
Similarly, since w is timelike or null and future-pointing we have
3
(w, w) = —’)* + > @) <0 and w’ > 0.
i=1

Then by the Cauchy—Schwarz inequality

3
(v, w) = —0%u0 + Zini
i=1
1 1
3 2/3 2
< _U0w0+(z(vi)2) (Z(wi)z)
i=1 i=1
< =% + |v0||w0| =0.
(ii) Since
(v4+w, v+ w) = (v, v) +2(v, w) + (w, w)

and (v, v) < 0, (w, w) < 0and (v, w) < 0 (from (i)), we conclude that
(v+w, v+ w) < 0. Moreover,
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(v+w)0=v0+w0>0

and so v + w is also future-pointing.

431

(iii) From (i) we conclude that if (v, w) = 0 then w cannot be timelike nor

(b) (i) Since v is null and future-pointing we have (v

(i)

(iii)

null (except for the zero vector).

0)2 — Z?:l(vi)z and

v? > 0. Moreover, since w is timelike or null and future-pointing, we
have (3°7_, (wH?)? < w° and w° > 0. Then by the Cauchy—Schwarz

inequality

3
(v, w) = 0w’ + Zviwi
i=1

3 >3 3
—v0w0+(2(vi)2) (Z(wi)z)
i=1 i=1

—0%? + 0’| = 0.

IA

IA

Moreover, equality holds if and only if

1
2

3 o 3 . % 3 )
Z viw' = (Z(vl)Z) (Z(w1)2)
i=1 i=1 i=1

3 3
(Z(wi)Z) 3
i=1

Hence equality holds if and only if w’ = \v’ with A > 0 and

and

1
3 2
w’ = /\(Z(vi)z) =’
i=1

Since
(v+w,v+w) =2, w) + (w, w)

and (w, w) < 0and (v, w) < 0 (from (i)), we conclude that (v +w, v+
w) < 0. Moreover, equality holds if and only if (v, w) = (w, w) =0,
that is, if and only if w = Av with A > 0. Clearly in all cases v + w is

future-pointing.

From (i) we conclude that if (v, w) = 0 then w cannot be timelike, and

if w is null then it is a multiple of v.
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(©)

4 (@

(b)

()
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Since v is spacelike we must have A := Z?zl ©H2 > (v9)2 > 0. Then the

vector w = (A, Ol 02, v0v3) is timelike and is such that (v, w) = 0.

Moreover, one of v!, v2, v> must be different from zero. Assuming, without
loss of generality, that vl # 0, the vector w = (0, —v2, vl 0) is spacelike

and satisfies (v, w) = 0. Moreover, (w, w) = 0, and so
(aw + bW, aw + b)) = a*(w, w) + b*(W, ).

Since w is timelike w is spacelike, this can be made to vanish for nonzero a
and b.

Let us use years and light-years as our time and length units. On the Earth’s
frame, the motion of the Earth is the timelike line x = 0, whereas the motion
of Planet X is the timelike line x = 8. If we choose t = 0 so that the departure
of Bob is the event (0, 0), then Bob’s arrival at Planet X is the event (10, 8),
and the reunion of the twins the event (20, 0). The motion of Bob is the
broken line connecting these events, and hence the time measured by Bob
between his departure and his return is

[(10, 8) — (0, 0)| + [(20,0) — (10, 8)| = |(10, 8)| + [(10, —8)|
=102 - 82+ /102 — (=82 =6+ 6 = 12.

Therefore Bob is 20 + 12 = 32 years old when he meets Alice again.
Although Bob can indeed claim that in his frame it is Alice who is moving,
his frame is not an inertial frame, as he must accelerate at event (10, 8) to
reverse his velocity. Therefore one cannot use the Minkowski geometry in
Bob’s frame.

Atevent (10, 8), Bob is receiving light that left the Earth at#+ = 2. Therefore,
in the 6 years it takes him to get to Planet X, Bob sees only 2 years of
Alice’s life (cf. Fig. 7.9). Consequently, he sees Alice moving in slow motion,
3 slower than normal. In the 6 years of the return trip, Bob will see the
remaining 18 years experienced by Alice until they meet again, and hence
he will see her moving in fast motion, 3 times faster than normal.

On the other hand, light emitted at event (10, 8) doesn’t reach Alice until
t = 18 (cf. Fig. 7.9). Therefore she spends 18 years seeing the 6 years of
Bob’s trip towards Planet X, and hence sees him moving in slow motion,
3 times slower than normal. In the remaining 2 years, Alice will see the 6
years of the return trip, and will thus see Bob moving in fast motion, 3 times
faster than normal.

(13) (a) According to its crew, the Enterprise’s trip lasts

1(13,12)] = V132 — 122 = /25 = 5 years.



7.6 Chapter 6 433

(10.8) (10,8)

Earth PlanetX Earth Planet X

Fig. 7.9 Twin paradox

(b) The Enterprise’s frame moves with velocity v = % with respect to the

Earth. Consequently, ~/1 — v2 = 15—3, and hence

t/:(1—v2)_%t—v(1—v2)_%x:1—t—12x

x' (1—v2)_%x—v(1—v2)_%t:§x— 12,

Therefore in the Enterprise’s frame the radio signal is sent at event (0, 0),
the missile is launched at event (28.6, —26.4), the Earth is destroyed at
event (2.4, 2.4) and the Enterprise arrives at the Earth’s ruins at event
(5, 0) (as it had to be).

(c) Figure 7.10 shows a plot of these events on the Enterprise’s frame. The
sequence of events is surreal: the Earth explodes without any reason at
t' = 2.4; the faster-than-light missile jumps intact from the explosion and
travels backwards in the direction of the Klingon planet, where an exact
replica is being built; the two missiles vanish simultaneously at ¢’ = 28.6,
in the event that should be the cause of the Earth’s destruction, much
after the Enterprise has arrived at the Earth’s ruins. This illustrates the
absurdities that one can get if faster-than-light speeds are allowed.

7.6.3 Section 6.3

(2) From the expression QJ, = 2R aﬂyu w® A WP Qf the curvature forms we
conclude that the nonvanishing components of the Riemann tensor are
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missile launched

Earth’s ruins

Klingon planet . .
Enterprise arrives

\'.\Ea‘rth’s destruction
I

radio warning sent z

Earth

Fig. 7.10 Sequence of events on the Enterprise’s frame

Rod— _p i_ *d
JO0- = 0j0 T gy oxi

(i, j = 1,2, 3). Therefore the only nonzero coefficient of the Ricci curvature
tensor is

3 ‘ 3 62(13
Roo =2 R’ = 2 50757
i=1

i=1

(4) The nonvanishing components of the Riemann tensor for the Cartan connection

are

R..I—_R 'izé‘—CD
j00 0,0 IxiOx)

(i, j = 1,2, 3). If the Cartan connection were the Levi—Civita connection for
a pseudo-Riemannian metric on R* then the nonvanishing components of the
curvature tensor would be

3
0P
Rjoou = —Rojou = D Gui 5
j00u 070p o Gui OxiOx

where (g,,,,) is the matrix of the metric. The symmetry property R joo, = —R o0,
which still holds for pseudo-Riemannian metrics, would then imply that the
curvature tensor is actually zero (because R jo,0 = 0), meaning that the Riemann
tensor is also zero. Therefore if the curvature of the Cartan connection is not zero
then it cannot be the Levi—Civita connection of any pseudo-Riemannian metric.
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7.6.4 Section 6.4

(1) Let p be a point in M". The signature of g, is the signature of the quadratic
form Q,(v) = g, (v, v) defined on T, M. This quadratic form is represented in
local coordinates x : V. C M — R" by a matrix A(x) = (g;;(x)). The entries
of this matrix are continuous functions of x, implying that its eigenvalues are
also continuous functions of x. Indeed, they are the roots of the characteristic
polynomial of A(x), whose coefficients are continuous functions of the entries
of A(x). Since the eigenvalues of A(x) can never be zero (as g is nondegenerate,
implying that A(x) is invertible) and M is connected, their signs cannot change
and so the result follows.

(2) (a) In any given coordinate system we have

S S
Ric — Eg =8m1E & Ry — ng =8mE
(n, v =0, 1,2, 3). Multiplying by the inverse of the metric matrix, g"”, and
summing over p and v yields

S

3 3
§— 5 4=8r D GVE, & S=-81 > ¢"Eu.
w,v=0 1w, v=0

Therefore Einstein’s field equation can be written as

3
Ric=87E —4m | > g"E, |g=8rT.
1,v=0

(b) We just have to notice that, since v is timelike and unit,

3
> GV Eu =pv.v)=—p.
w,v=0

(7) (a) This is immediate from the fact that the expression of the Euclidean metric
dx ® dx +dy ® dy + dz ® dz in cylindrical coordinates (r, 0, z) is dr ®
dr +r*df ® df + dz ® dz.

(b) We just have to notice that

dO®dl = (d0 + wdt) ® (d' + wdt)
=df @ df + w’dt @ dt + wdt @ df' + wdb' @ dt.

1

(c) Forr <  one has (in the new coordinate system (z, r, 0, 2)
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(d)

(e)
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o 0 22
—,— ) =—-14+wr" <0,
<8t ot

and so the curves of constant (r, €', z) are timelike curves. Since along these
curves r and z are constant but § = 6’ + wt, with @’ constant, it is clear that
they correspond to observers who are rotating rigidly with angular velocity
w relative to the inertial observers of constant (r, 0, 7).

If we use local coordinates (¢,7,6’,z) on U and (r, ¢, z) on T then the
projection map is locally represented by the map 7 (¢, r, ', z) = (r, ¢, 2).
Therefore if

U—Ur—-i- ﬁ/i_'_ 22
T 1574 0z
then
o ;0 0
f_,0Y r Y [ 27
VSV T et ae T s

and so we must have

0 __ wr2 0’
v=9_ 22"
1 —wr
Consequently
/ /
(vT, wT) =—(1- w2r2)v0w0 + wr? (vowa +’ wo)
/ /
+ v+ r2? w? + viwd
r,r r2 0 0 2,2
=V w +mv w +vtwe.

Notice that this does not depend on the choice of the vectors v’ and w’
projecting to v and w.
As was shown in (d), the condition for a vector w to be orthogonal to % is

2 2
0 __ wr 0 _ wr , .
Therefore the curve ¢ consists of simultaneous events if and only if a(¢) = 0.
Ifv:[0,1] - ¥ isaclosed curve,and c : [0, 1] — U is a curve consisting
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of simultaneous events such that 7w o ¢ = =, then

1 1

1(c(1)) —1(c(0) =/dt(é) =/

0

0

1
_/ e
a 1 — w?r? v

0

2
wr ..
1= do’(¢)

Since

i(—" 2T e Adl £0
—_— = —dr ,
1 —w?r? (1 —w?r?2)2

we see that in general 7 (c(1)) # #(c(0)). Therefore, if the rotating observers
synchronize clocks around a closed path, they will conclude that the initial
clock is not synchronized with itself.

7.6.5 Section 6.5

(2) (a) Let {Eg, E,, Ey, Ef} be the orthonormal frame dual to the orthonormal
coframe {wo, W', w’, w?}, that is

10 10
E

Ey= —— = -,

0= Aor B or
10 1 0

Ey=-—, E,= .

0= o0 Y7 rsinf oy

Then, since
; i8+'a iAEy + ¢rE
C=1— —_— = r
o o, 0Ty

(sinf = 1), we have
) d . . d . .
Vee =0 EUA)EO + tAV:Ey + E((pr)EV; +prVeE, =0.

Moreover,
V:Eg = iAVEOEQ + gbrVEwEo

and
VeE, = t'AVEOE¢ + <;'>rVE¢E¢.
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Since
3 A
Vi Eo = 3w (E)) By = wo(Eo) Er = —— Er = A'E,
pn=0
3
Vi Ep = D Wh(E)E, =0,
1=0
3
Vi, Eo= > wh(E,)E, =0,
1=0
> 1
Vi, Ep =D Wh(EQEy = W (EQ)Er = — 2~ Ey,
1=0
we have

ViEg=iAA'E, and V;E,= —%Er,
and so the geodesic equation becomes

v . O
FAE) + (12A%A — T)E, + $rE, =0,
or, equivalently,

=0

=0
. »2 . .
PATA = L & AAP = P & B2 = P

Finally, since we must have (¢, ¢) = —1, we obtain
2 . 2 .
—(1——m)t2+r2¢2=—l® (1——m —ﬁ)ﬂ:l
r r

3 .
@(1——’”)#:1.
r

(b) From the last equation above we see that for r = 3m we have (¢, ¢) = 0, and
we get an equatorial circular null geodesic. A stationary observer placed on
this circular light ray would see it as a straight line, with infinite images of
himself placed at regular spacings (equal to 27r), corresponding to light rays
completing an integer number of orbits before reaching his eyes. Different
images would be images of the observer at different times.

(c) LetV =VYEq+ V"E, + V‘9E9 + V¥ E,, be the angular momentum vector
field of a free-falling spinning particle on a circular orbit around a pointlike
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mass m. Since this vector field is orthogonal to the motion we conclude that

—iAVO £ orve =0.

(7.31)

From the fact that this vector field is parallel-transported along its motion

we have

A 0 dv’ ,
VeV =0 @FE() + V'V:Eg + FE, + V' V.E,

av’ 0 dve ”
+ ?Ee +VVeEg+ ——E, + VPVE, =0.

dr
Since
3
Vi By = > wl'(Eo)Ey = wf (Eo)Eo = A'Eq,
n=0
3
Vi Eg = wa;(Eo)E# =0,
n=0
2 1
Ve Er = wa(Ev)Eu =wi(Ep)E, = ﬁE%
n=0
3
Ve, By = ng(E‘P)EM =0,
n=0
we have

ViE, = iAVEE, + orVi, E, = iAA'Eq + % E,.

VeEg = fAVEOEg + gbrvaEg =0,

and so we obtain

avo s
= iAAV,
=
avr . >
= ANV + LVe,
=
av? 0
dr
ave ¢
——=—Zy
dr B

Substituting (7.31) in (7.32) yields

(7.32)

(7.33)
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avr 1 3
— V¥ (- - A/r) — B (1 — —m) SV?, (7.34)
dr B r

and so, from (7.33) and (7.34), we get

dav’  dv"'1 3m

= —=B|1-—) V¥,
dy ar ¢

dve¥ B dv¥ 1 B |4

PR

Hence,
d*vv 1dv" 3m
=—— =—(1—-—) V>,
dp? B dy r
implying that
, 3 3
VP(p) = ozcos(,/l — —mgp)—i-ﬂsin(,/l - —mgp)
r r
and
dvy
Vi(p)=—-B——
dy

i o ()

Since the vector field V is initially aligned with the radial direction we have
Ve(0) = v?(0) = v°(0) = 0, implying that V? = 0, and

Vw(w)zﬁsin(,ll—Sngp),
0,y _ Pr _or [ 3m
\% (<P)—t.AV‘f°(<p)_t,Aﬁsm( 1 . <p).

Hence,

V() =—-pB,/1— 37er,
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(7) (a)

/ 3
V(Q2r) = %B sin(ZWW) x0
3 3 3
—BB,/1— m cos(ZWp)Xr + /}sin(Zm/l — m)X‘p,
r r r

and so, since

(V(0), V(2m)) = 3*B> (1 - 3—’") cos(zw,/l - 3—’")
r r

W©F=ﬁ#(h3?)=wamﬁ

V(@0),VQ2 / 3
cos(d) = M =cos| 27,/ 1 — 2 ,
VOV Q2| r
where ¢ is the angle between the two vectors V (0) and V (27) (after one

revolution). Choosing 3 < 0, so that initially V has the same direction as
E,, one easily checks that 4 > 0, and so

and

we get

1

2
(5:27r—27r(1—3—m) .

r

From Exercise 5.1(5) we see that radial (é = ¢ = 0) timelike or null
geodesics satisfy

2= E2 o (1 - )

(1-2)i=k

where E is an integration constant, o = 1 for timelike geodesics and o = 0
for null geodesics. In either case, geodesics satisfying r (0) = r¢ cannot be
extended beyond the values of the affine parameter

2m 2m
d d
A2m) = A2m) — A(rg) = / A= [
dr F
ro

ro

or

0 0

d\ dr

A0) = A0) — A(ro) = / d—rdr =/ 5
o o
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that is,

2m 0
j:/ Jrdr :l:/ Jrdr
or
\/(Ez_U)r‘i‘sz \/(E2—U)r+2ma
ro ro

(£ is the sign of 7). Since both these integrals are clearly finite, the geodesics
are necessarily incomplete. Notice that

2md 2m 2m E 3d
2
/—tdrz/idrz/ il
dr i (r —2m)/(E? — o)r + 2mo
ro ro ro

diverges, implying that 7 diverges as r — 2m for all geodesics satisfying
E # 0 (E = 0 can only happen for the timelike geodesics in the region
{r < 2m} with constant 7).

We already know that » — 2m for a finite value of the affine parameter.
From the definition of the Painlevé time coordinate we see that it approaches

2m 2m 2m
dt’ dt V2
/—dr:/—dr+/ mrdr
dr dr r—2m
ro 70 70

2m 2m
:l:/ Er%dr n N 2mr d
= r
(r — 2m)\/(E% = o)r + 2mo r—2m
ro ro

2
_ m\/2mr\/(E2 o) + 2mo + Erd 4
(r —2m)\/(E% = o)r + 2mo

r,

as r — 2m (% is the sign of 7). Consider the geodesics in the region
{r > 2m}, and choose E > 0, corresponding to > 0. Then the Painlevé
time coordinate " diverges for 7 > 0, and converges for 7 < 0. Therefore
ingoing geodesics can be extended past ¥ = 2m, but not outgoing ones. In
other words, radial timelike and null geodesics are asymptotic to r = 2m
in the past (with ¢’ diverging for a finite value of the affine parameter), but
cross this hypersurface in the future.

Since
0 _8t8 8r(9_6

o oo Taror o

we see that % is still a Killing vector field. Therefore the equations for a
radial curve ¢ : R — M to be a future-directed timelike geodesic can be
written as
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(d

oy = 1 N 5 2
g(c,¢) =— t’—(f-l— ZTmt/) -1

l/?

Therefore radial curves satisfying

dr 2m . 2m -
— =i+, —t=0
dr’ r r

are future-directed timelike geodesics as long as

t'=E=1.

443

In particular this implies that the Painlevé time coordinate #* coincides with

the proper time along these curves.

The light received by the stationary observer corresponds to outgoing null
geodesics. As we saw in (b), these geodesics cannot cross the horizon, and
hence accumulate along it, as shown in Fig. 7.11. Consequently, all of them
intersect the curve representing the falling particle. This means that the
stationary observer sees the particle forever, moving slower and slower, and

increasingly redshifted.

7.6.6 Section 6.6

(3) (a) The distance between the two galaxies is clearly d(¢) = a(t)x, where

(b)

rl
/ dr
xX=| —.
" V1 —kr?
Therefore .
d=ax=2ax = Hd.
a
The tangent vector to these curves is
g 0 n g
c=f—+ —,
ot Or

which is null if and only if
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Fig. 7.11 Stationary observer watching a particle fall through the event horizon

2
5 o at(?) a(t)
— =0 t=+——F=—.
1 —kr? < 1 — kr2

We must choose the positive sign for null geodesics connecting the first
galaxy to the second galaxy. Therefore

. a(t) 0 n 0 a(t) (Eo + E,)
C= —— —_— = —_— ).
NT=kr20t  0Or 1 —kr? 0

Since we have

SO

we see that
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Veytk, (Eo + Er) = wh(Eo + E/)E, + w)(Eo + E,) Eo

a
= _(EO + Er)-
a

Therefore Eg + E, is tangent to a reparameterized geodesic, and conse-
quently so is ¢.
(c) Differentiating the equation for ~ we obtain

dt’ _ am)t’ _a()dt Y
dr — J1—kr2  a()dr ’

where 1’ = az . Integrating yields

r
Ldi' [ a@)di — 1og (40
/pﬁdr_/md—dr & log(r'(r)) = log( o ))
0

0

(8) Using spherical coordinates, the metric for the 4-dimensional Minkowski space-
time is written

g= —dt®dt+dr®dr+r2h,
where £ is the standard metric in S°.

(a) Theequation for the “cylinder”is r? = A , and the induced metric is therefore

1
9Einstein = —dt @ dt + Xh

This is the metric for a FLRW model with £k = 1 and a(t) = \/LX In this
case,

a2 a A, 1 1

—_—— — — —q" = —« —_— = — =

2 a 6 6 2

if a = #K [cf. Exercise 6.1(7)]. We conclude that this metric satisfies the

Einstein equation with cosmological constant A > 0 for a pressureless fluid
with density

_ 3 _ A
P= 4 ~ an

(b) The equation for the “sphere” is —1% + r? = % and is solved by

()
o (V3)

N
|

m

®
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The induced metric is therefore

3 [A
GdeSitter = —dT @ dT + X COSh2( g T)h.

This is the metric fora FLRW model withk = 1anda(r) = \/% cosh ( % 7-).

In this case,

if @ = 0. We conclude that this metric satisfies the Einstein equation with
cosmological constant A > 0 for a pressureless fluid with density p = 0.

From Exercise 6.1(3) we know that the null geodesic connecting the two
galaxies can be found by solving the differential equation

dt_ t
dr T+

This equation is separable, and can be integrated to give

3] r
/dt_/ dr
/ t _0 V1472
0

t
< log (t_l) = arcsinh(ry)
0

1 1
< r1 = sinh(log(1 + 7)) = 3 (1+Z_ )

14z
Therefore
2427
R=nri=n .
242z
In this case we must solve
dt o
dr
and so
1 r |
—Ht —Hi —Ht
e dr = dr@r:—(e 0 —e ’).
/ / 'TH
0] 0
Therefore
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(©)

In this case we must solve
2
dt t\3
dr - 1 ’

1 r

ORI

4]

ry = 311% (H% - to%) =3n (1 - +z)7%) .

and so

Therefore |
R =r =31 (1 —(1+Z)_7).

7.6.7 Section 6.7

2) (a)

(b)

()

Take ¢ € It(p). Then there exists a future-directed timelike curve ¢ :
[0, 1] — M connecting p toq.Let V be ageodesically convex neighborhood
of ¢ as in Proposition 7.1, and take s € (0, 1) such that ¢([s, 1]) C V.
The chronological future 17 (r, V) of the point r := c(s) with respect to
the spacetime (V, g) is clearly an open set (image of an open set by the
exponential map) satisfying ¢ € I (r, V) C IT(p). Therefore g is an
interior point of 17 (p). Since ¢ is arbitrary, I (p) is open.

Let M be R? with the point (1, 1) deleted. If p is the origin then I (p) is
the Minkowski cone

IM(p) ={(t,x) e R* | 1 > |x|}.

However, no point in the line # = x with > 1 can be reached from p by a
causal curve. Hence,

JT(p) =1t (p)u{t, - eR*|t=0U{t,NeR*|0<rt<1)}

is not closed.

Letq € JT(p). Then there is a future-directed causal curve ¢ : [0, 1] — M
connecting p to g. Let T be a future-directed timelike vector field parallel
alongc,and~y : [0, 1]x (—¢, €) — M asmooth map such that~(0, t) = c(¢)
and

—(0 = ZC .
85( ’t) ! ®
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Setting
, Oy 0 . Oy 0
V= T e M T e T
we have o &
. Y oY
V. —Viy = —,— | =0.
5 T = U+ [3S o1 :|
Therefore
0 .. .. ;o
25 V7 =20V ¥, Mismo = 2(V57, Moo
N |s=0

= 2(Ve(tTe)), €) = 2(Te(ry, €) < 0,
and so y(s, ¢) is timelike and future-directed for small positive s. Therefore

g = lim ~(s,1) € I't(p).
s—0t

(d) Clearly IT(p) C intJ*(p). To see that int JT(p) C IT(p) let ¢ €
int JT(p). Taking a geodesically convex neighborhood V of ¢ with V C
JT(p) itis easily seen that there exists a point r € J T (p) which can be con-
nected to ¢ by a future-directed timelike curve. If r, € I (p) is a sequence
with r, — r we have r, € I~ (q) (hence g € I (r,)) for sufficiently large
n.Thus ¢ € IT(p).

(e) Itisclear that I (r) is an open subset of J*(p). Therefore I+ (r) is an open
subset of int J 7 (p) = IT(p).

(f) This is equivalent to proving thatif r € J™(¢) and p € I”(r) then p €
17 (q), which is done as above.

(g) If M is the quotient of the Minkowski 2-dimensional spacetime by the group
of isometries generated by f(¢,x) = (¢ + 1, x) then IT(p) = M for any
point p € M.

Take local coordinates around each point p € K := svpph. By continuity,

the matrix of the components of g. in these coordinates, (g, + €h,,,), has one

negative and three positive eigenvalues for e € (—¢), €)) in some neighborhood

Vy, of p. Since {V,}pck is an open cover of K, we can take a finite subcover

{Vpys.oo, Vpyt.Ifeg = min{e,,, ..., €py ), thenitis clear that g. is a Lorentzian

metric for |g] < &p.

Lettr : M — R be a global time function for g. Since K is compact, we have on

K

g(grad t, grad 1) < =9

for some 6 > 0. Consider the map f : (—eg, £9) x K — R given by

f(E, P) =g ((grad€ t)p ’ (gradE t)p) ’
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where grad, is the gradient with respect to the metric g.. This map is clearly
continuous and satisfies

fO,p)=—4

for all p € K. Therefore there exists €1 € (0, €9) such that

f p) <0

for |e] < €1 and p € K. We conclude that if |¢| < €] then ¢ is still a global time

function for g., and so (M, g.) satisfies the chronology condition.

(a) Trivial.

(b) Taking for instance S = {0} x [—1, 1] in Minkowski 2-dimensional space-
time, we have that DT () is the closed triangle with vertices (0, —1), (0, 1)
and (1, 0), and hence is not open.

(c) Taking for instance S = {0} x (—1, 1) in Minkowski 2-dimensional space-
time, we have that DV (S) is the union of S with the open triangle with
vertices (0, —1), (0, 1) and (1, 0), and hence is not closed.

Assume first that (X, /) is complete. Let ¢ : I — M be an inextendible causal

curve. Since 7 is clearly a time function we can assume without loss of generality

that ¢ is parameterized by ¢. Therefore c(t) = (¢, v(¢)) with v : I — X. The
fact that c is timelike is equivalent to

h(y,7) < 1.

Let?, € I beanincreasing bounded sequence with limit #y. If d is the Riemannian
distance on X and n > m then

tn

d(¥(tn), Y(tm)) = / (3. A2 dt < ty — .

Im

Thus {vy(#,)} is a Cauchy sequence, which must converge, implying that there
exists lim,_, , (). Since c is inextendible, we conclude that I cannot be bounded
above. By a similar argument it cannot be bounded below, and hence I = R. We
conclude that every inextendible causal curve intersects every level set of 7, and
hence (M, g) is globally hyperbolic.

Assume now that (X, /) is not complete, but (M, g) is globally hyperbolic.
Let v : I — X be a geodesic parameterized by arclength which cannot be
extended for + > 0. Then c(¢) = (fp + ¢, y(¢)) is a future inextendible causal
curve contained in the region where ¢ < #y. Since the integral curves of % are
timelike, any Cauchy surface S C M is a graph

S={¢t,peM|t=f(p)
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of some smooth function f : ¥ — R. The projectiond : I — S of ¢ on
S, given by d(t) = (f(v(¢)), v(t)), is necessarily spacelike, and so satisfies
f2 < h(y,%) = 1 (where f(t) := f(vy(¢))). This implies that the limit fj :=
lim,_,¢ f(¢) exists. As |f| < 1, we then have f(r) > fo+1t forallz < O.
Choosing o = fo — 1, we guarantee that ¢ and d do not intersect, that is, ¢ does
not intersect S. Therefore we reach a contradiction, meaning that (M, ¢g) cannot
be globally hyperbolic.

(10) Lett : M — R be a time function whose level sets are Cauchy surfaces. Since
grad t does not vanish, ¢ cannot have maxima or minima, and so its range must
be anopeninterval I C R.If f : I — Ris adiffeomorphism then f o7 is also
a time function whose level sets are Cauchy surfaces, and so we can assume

I = R. Define

grad ¢

X=———
(grad ¢, grad t)

so that
X -t=(X,grad t) = 1.

Since X is timelike, its integral curves must cross all level sets of the time
function ¢ (as (M, g) is globally hyperbolic), and thus X is complete. If 1),

is the flow of X then it is easy to check that F : R x § — M defined by
F(t, p) = ¢ (p) is a diffeomorphism.

7.6.8 Section 6.8

(1) The only non-vanishing Christoffel symbols on (M, ) are

v 2v
r,=—-——— and I'!, = ————.
v 02 + v2 Vv v2 + v2
Hence the geodesics equations are
v .,

 REp——
v2 402

and
v,

V- ——0° =
v2 4 v?

Taking for instance v = 0 we obtain
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and so
U= —av”,
implying that 1
v = at+b

for some constants a, b € R. Therefore, the curve

1

is a null geodesic through the point ¢(0) = (%, 0). If for instance b > 0 and

a < 0 this geodesic is defined for ¢ < —%. The image of this geodesic is
{(v,0) ] v>0}

and so this curve is inextendible in M. We conclude that M (and consequently
M) is not geodesically complete.

Clearly, simple neighborhoods form a basis for the topology of M, and so for
every open cover {Vy}aca there is a refinement {Us}gep by simple neighbor-

hoods, i.e.
Uva=JUs

a€A BeB

and for each § € B there exists o € A such that Ug C V.
Letus assume firstthat V := | J Ve 1s compact. Then there is a finite subcover
{Ug };‘:1 such that

acA

k
v=|JUs.
i=1

Clearly {Uﬂ,.}f.‘:1 is a countable locally finite refinement of the open cover
{Va}aea by simple neighborhoods.

If V is not compact we can use a compact exhaustion, that is a sequence {K; };eN
of compact subsets of V such that K; C K;;1and M = U2 K; (see Remark 7.4
in Chap. 2). The family {Ug}gep is a cover of Ki so we can consider a finite
subcover of K

{(Upys -+ Uﬁkl }.

By induction, we obtain a finite collection of neighborhoods

{Uﬂ§9""U@]ﬁi}


http://dx.doi.org/10.1007/978-3-319-08666-8_2

452

(®)

€))

7 Solutions to Selected Exercises

that covers K;\int K;_1 (a compact set). Note that, by taking smaller simple
neighborhoods if necessary, we can assume that

ki
U Up, CintKig1\Ki
j=1

and so the countable cover {U g }ieN, 1<j<k; 18 locally finite and the result fol-
i <j<

lows.
First note that a similar argument to that of Proposition 8.6 shows that D™ (S) N
JT(p) is compact.

(i) Consider a sequence of points ¢, € J¥(p) converging to a point ¢ € M,
and let S be a Cauchy surface with 7(S) > #(q) (where t : M — R is the
global time function of M), so that ¢ € D~ (S). Then for sufficiently large
n € Nwehave g, € A := D™ (S) N J*(p), and so, since A is compact,
geAcC I (p).

(i1) First note that (i) holds for J~ (g), that is, J ™ (g) is closed for any ¢ € M.
Hence the set B := JT(p) N J~(q) is closed. Taking a Cauchy surface S
such that 7(S) = 7(q), we have that B is a closed subset of the compact set
D™ (S) N JT(p), implying that it is itself a compact set.

Let v € C(S, p). Then there exists a sequence 7, € T(S, p) such that vy, — 7.

We begin by showing that ~y intersects each level set S, := ¢! (a)for0 <a <

t(p). Indeed, if yN S, = @ then, since 7y is compact and S, closed, the distance

between them would be greater than some £ > 0. But since each -y, intersects

S, we would have dg (v, 7,) > &, a contradiction. A similar argument shows

that « cannot intersect S, fora < 0 ora > #(p).

It is easy to check that the map 7, : C(S, p) — C(S,) given by w,(c) =cN S,

is a continuous map (here C(S,) is the set of all compact subsets of S, with the

Hausdorff metric). Therefore m,(v,) — m,(7y). Since each 7,(v;) is a point,

w4 (7y) is also a point, and so y can be thought of as amap ~y : [0, 7(p)] — M.

To see that ~y is a causal curve we notice that if 0 < a < b < t(p) we have

(@) — v(a) and v, (b) — (b) with 7, (b) € I (yu(a)). If g € 1™ (v(a))

then, for sufficiently large n, v,(a) € I*(g), and hence v,(b) € IT(g). It

follows that v(b) € I+ (q) = J¥(gq) (recall that J*(q) C It(g) is closed),
and hence ¢ € J~ (v(b)). Taking a sequence of points g, € I~ (y(a)) with

qn — 7y(a), we conclude that y(a) € J~ (y(b)).

Finally, v must be continuous: if a, € [0, #(p)] is an increasing sequence with

limit a € [0, t(p)] then v(a,) — ~(a), for otherwise there would exist a sub-

sequence b, with v(b,) — g € S,;, and we would have v(b,) & J~ (v(a)) for

sufficiently large n.

(12) Let p € M and take a normal sphere S = Ss5(p). Because (M, g) is complete,

we can define the map exp : R x § — M using the outward-pointing unit
normal,and M = Bs(p)Uexp(R x S). Since S is compact, we have § < fpon S
for some 6y > 0. Exactly the same calculation as in the proof of Proposition 8.4
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(13)

shows that
o0 n 1
o n—1 —

where n = dim M. In particular,

and hence # < —1 for some ¢t < % along any geodesic (note that the line
0 = —et + g crosses the line § = —1 att = %). From that point on we

have 90 {
> <0= - >

— — 1.
8t+n—1 0 " n-—1

We conclude that each outward-directed geodesic orthogonal to S reaches a
conjugate point in arclength at most

1+ 6
€

+n_17

where it ceases to be minimizing. Thus all points in M are closer to p than

0+

1+0
24_”_1’
€

meaning that M is bounded and hence compact.

Notice that in the Riemannian setting no contradictions are obtained: all points

on a geodesic past the conjugate point can be reached from § by a geodesic

which is shorter (not longer, as in the Lorentzian case), and hence hasn’t

necessarily reached a conjugate point itself. Thus the proof of the singularity

theorem does not work in Riemannian geometry.

(a) Minkowski spacetime does not contain a Cauchy hypersurface whose
expansion satisfies 6 < 0y < 0.

(b) The Einstein universe does not contain a Cauchy hypersurface whose
expansion satisfies < 0y < 0

(c) The de Sitter universe does not satisfy the strong energy condition
[cf. Exercise 8.12(6)].

(d) The 2-dimensional anti-de Sitter spacetime is not globally hyperbolic;
notice, however, that any globally hyperbolic open subset of this spacetime
is geodesically incomplete.



454 7 Solutions to Selected Exercises

7.6.9 Section 6.9

(1) Ttis easily seen that

a —1 3 B\ 0-10 0

2 M
@") = -0 00 ~ ! 62 522523 ;
B2 0 v22 723 0 ﬂ3 732 733
B3 0 v32 733 0 B~

where 3/ = Ziz

) +i B jand 6 = 21-3:2 B; 3" — a. Consequently, we have for
instance

or ox«
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and similarly 'Y, =T'); =

l_,gr _ Z va (agra 0guva _ ag’ur)

=T7, =T! =0.Finally,

3
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N Eﬁ ( or T ox Zz /

3x i Oxk

1< OVik >
2 ik J 2 ik
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k=2 k=2

(3) (a) Minkowski spacetime does not contain trapped surfaces
(b) The Einstein universe has compact Cauchy hypersurfaces
(c) The de Sitter universe has compact Cauchy hypersurfaces
(d) The 2-dimensional anti-de Sitter spacetime is not globally hyperbolic; notice

however that any globally hyperbolic open subset of this spacetime is geo-
desically incomplete.

Reference

[AhI79] Ahlfors, L.: Complex Analysis. McGraw-Hill, New York (1979)



Index

Symbols B
1-parameter group Ball
of diffeomorphisms, 31 normal, 112
of isometries, 108 open, 121
Basis
iberration, 262 associated to a parameterization, 17
Acceleration change of, 89
covariant, 139 dual, 89
proper, 263 equivalence, 47
Action of a fiber bundle, 56
determined by a Lagrangian, 206 of a topology, 53
infinitesimal, 209 orthonormal, 259
of a discrete group, 41 orientation, 47
of a group, 40 Bi-invariant metric, 116

Hamiltonian, 239
Poisson, 239
Action-angle coordinates, 245

curvature, 131
geodesic, 116
Levi-Civita connection, 116

Affine ) - }
connection, 100 Bianchi identity, 125
map, 44, 107, 154 Biangle, 148
parameter, 104 Big bang, 286
Alternating tensor, 63 Big crunch, 287
Ambrose theorem, 121 Birkhoff ergodicity theorem, 229
Angle, 98 discrete version, 232
hyperbolic, 261, 277 Birkhoff theorem, 282
Angular Black hole, 276

momentum, 170, 183, 211, 214
velocity, 186, 191
Anti-de Sitter universe, 308, 310, 318
Anti-trapped surface, 316
Antipodal map, 13

Bolyai, 95, 123
Boundary
of a differentiable manifold with
boundary, 51

Arclength, 104 of a topological manifold with
Arnold-Liouville theorem, 228 boundary, 6
Atlas, 9 Brachistochrone curve, 211
equivalence, 9 Brouwer fixed point theorem, 88
maximal, 9 Bump function, 92
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Bundle
cotangent, 70
fiber, 56
tangent, 17, 20, 49

C
Canonical
immersion, 21
symplectic form, 218
symplectic form with magnetic term, 243
symplectic potential, 218
Car and garage paradox, 261
Cartan, 61
Cartan connection, 265, 266
Cartan formula, 78
Cartan structure equations, 136
Cartan—Hadamard theorem, 121
Casimir function, 235
Cauchy hypersurface, 296, 298
Cauchy sequence, 121
Causal
continuous curve, 304
curve, 290
future, 290, 294, 314
past, 290, 294, 314
Center of mass, 178, 189, 214
Central field, 169, 225, 230
Centrifugal force, 192
Chain rule, 20
Chandler precession, 192
Change of basis matrix, 89
Change of variables theorem, 91
Chart, 8
Chern, 163
Christoffel symbols, 100
for the 2-sphere, 170
for the hyperbolic plane, 173
Chronological
future, 290, 294, 314
past, 290, 294, 314
spacetime, 296, 297
Chronology condition, 296, 297
Circle, 2
Circular orbit, 230, 231, 277, 278, 280, 310
Clifton—Pohl torus, 308
Closed
form, 76
set, 53
Coframe, 132
orthonormal, 148
Collapse, 288
Commutator

Index

of matrices, 37

of vector fields, 27
Compact

exhaustion, 92

subset, 54

topological space, 54
Compactly supported

form, 78

function, 87
Complete

integrability, 225

metric space, 121

Riemannian manifold, 118, 298

vector field, 31
Configuration space, 166
Conformally related metrics, 168
Conjugate point, 117, 299, 310
Connected

subset, 54

sum, 4

topological space, 54
Connection

affine, 100

Cartan, 265, 266

compatible with the metric, 104

forms, 133

Levi-Civita, 104

symmetric, 102
Conservation of energy, 167, 202, 208
Conservative

force, 167

mechanical system, 167

mechanical system with magnetic term,

223

Constant curvature manifold, 129, 148, 282
Constraint

holonomic, 174

non-holonomic, 195

semi-holonomic, 197

true non-holonomic, 197
Continuity equation for an incompressible

fluid, 193
Continuous
causal curve, 304
map, 53
Contractible manifold, 77
Contraction

of a tensor, 130

of a tensor by a vector, 68
Contravariant tensor, 62
Convergence of a sequence, 54
Coordinate

chart, 8
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neighborhood, 8
Coordinate system, 8

normal, 115, 291

synchronized, 299

action-angle, 245

Darboux, 233
Copernican principle, 282
Coriolis force, 192
Cosmological constant, 288
Cotangent

bundle, 70

space, 69
Covariant

acceleration, 139

tensor, 62, 70
Covariant derivative

of a 1-form, 103

of a tensor field, 103

of a vector field, 100

of a vector field along a curve, 101

Covering, 42
manifold, 42
map, 42
transformation, 43
universal, 43
Critical
density, 286
value, 24
Critical point, 24
nondegenerate, 147
of the action, 206
Curvature
forms, 135

Gauss, 128, 141, 148, 157, 160-162

geodesic, 139, 141, 162
mean, 157
nonpositive, 117
normal, 160
of a bi-invariant metric, 131
of a curve, 160
operator, 117, 124
principal, 157, 160
scalar, 130
sectional, 127, 162
tensor, 125

Curve
brachistochrone, 211
causal, 290

compatible with a holonomic constraint,

174

compatible with a non-holonomic con-

straint, 195
curvature, 160

differentiable, 14
future-directed, 290
future-inextendible, 296
geodesic, 101
length, 98
past-inextendible, 296
piecewise differentiable, 114
timelike, 257, 267
variation, 206

Cut locus, 117

Cycloid, 212

Cylinder, 5

D
D’ Alembert principle, 175, 199
Darboux theorem, 233
Dark energy, 289
De Rham cohomology, 76
De Sitter universe, 289, 310, 318
Deck transformation, 43
Deflection of light, 282
Degree of a map, 85
Density
critical, 286
function, 180
of matter, 265
rest, 268
Derivative
covariant, 100, 101, 103
directional, 27, 32, 100
exterior, 73, 75
of a differentiable map, 17
Diffeomorphism, 12
group, 31
local, 12
Differentiable
action, 40
curve, 14
distribution, 195, 203
form, 72
infinitely, 12, 55
manifold, 8
manifold with boundary, 50
map, 12, 55
structure, 9
tensor field, 70
vector field, 26
Differential
form, see Form
of a function, 69
of a map, 19

Directional derivative, 27, 32, 100
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Discrete group, 41

Distance
between simultaneous events, 252
on a connected Riemannian manifold,

118

Distribution, 195
differentiable, 195, 203
integrable, 197, 198, 203
orthogonal, 198

Divergence
of a vector field, 88, 109

Domain of dependence, 296, 297
future, 296
past, 296

Doppler effect, 262

Double covering
orientable, 49
time-orientable, 297

Double pendulum, 179

Dual
basis, 89
space, 62, 88

Dumbbell, 178

E
Einstein, 251
Einstein field equation, 267
Einstein universe, 289, 310, 318
Einstein—de Sitter universe, 290
Electric
field, 212
potential, 212
Embedding, 22, 25
Energy
conservation, 167, 202, 208
kinetic, 167
mechanical, 167
potential, 167
Energy-momentum tensor, 268
Enterprise, 263
Equations of structure, 136
Equilibrium point, 249
Equinox precession, 192
Equivalence
class, 54
of atlases, 9
of bases, 47
principle, 265, 267
relation, 54
Euclidean
space, 96, 125, 136, 151
surface, 152, 155

Index

Euler, 165
Euler angles, 189
Euler characteristic, 7, 145-147
of a Lie group, 156
of the sphere, 146
of the torus, 146
Euler equations, 185
for an incompressible fluid, 193
Euler force, 192
Euler top, 185
Euler-Lagrange equations, 206
Event, 252
horizon, 275
simultaneity, 252
Exact form, 76
Expansion, 300, 312
Exponential map
on a Lie group, 39, 116
on a Riemannian manifold, 110, 116
Extended Hamiltonian function, 215
Exterior derivative, 73, 75
External force, 166
conservative, 167
positional, 167

F

Fermat metric, 271

Fermi—Walker transport, 269

Fiber
bundle, 56
derivative, 208

Field
central, 169, 225, 230
electric, 212
electromagnetic, 212
magnetic, 212
of dual coframes, 132
of frames, 132
tensor, 69
vector, 26

First integral, 224

Fixed point, 40, 249
hyperbolic, 249
nondegenerate, 249
stable, 249

Flow
commuting, 31
geodesic, 115
Hamiltonian, 220
linear, 227
of a left-invariant vector field, 38
of a vector field, 30
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Fluid
incompressible, 193
perfect, 268

Foliation, 197
leaf, 197
singular, 237

Force
centrifugal, 192
conservative, 167
Coriolis, 192
Euler, 192
external, 166
inertial, 192
positional, 167
reaction, 175, 199

Form, 72
closed, 76

compactly supported, 78

connection, 133

covariant derivative, 103

curvature, 135
differentiable, 72
exact, 76
Lie derivative, 78
Liouville, 218
local representation, 73
pull-back, 72
symplectic, 218
volume, 86
Foucault pendulum, 107
Frame
field of, 132
inertial, 252
orthonormal, 135
rest, 263
rotating, 270
Free
action, 40
particle, 166, 252
Freedman, 13

Friedmann-Lemaitre—Robertson—Walker
model, 283, 287, 288, 298, 307,

317

with a cosmological constant, 288

Frobenius theorem, 198
Fubini theorem, 93
Function

bump, 92

compactly supported, 87
continuously differentiable, 55

differential, 69

extended Hamiltonian, 215

Hamiltonian, 208

infinitely differentiable, 55
Morse, 147

upper semicontinuous, 304

Casimir, 235

Fundamental group, 43, 57
Future

causal, 290, 294, 314

chronological, 290, 294, 314
domain of dependence, 296

Future-directed

Future-inextendible causal curve, 296
Future-pointing vector, 257, 260

G

causal curve, 290
timelike curve, 290

Galileo, 165, 251

Galileo group, 252

Galileo spacetime, 252
Galileo transformation, 253
Gauss, 1, 95, 123, 160
Gauss curvature, 128, 141, 148, 160-162

of an isometric embedding, 157

Gauss map, 157
Gauss—Bonnet theorem, 144

for manifolds with boundary, 147
for non-orientable manifolds, 147

General linear group, 34
General relativity, 267
Geodesic, 101

Geodesically convex neighborhood, 291

biangle, 148
completeness, 118
curvature, 139, 141, 162
flow, 115

homogeneity, 110
maximizing, 304, 310
minimizing, 114

null, 267, 295

of a bi-invariant metric, 116
of the hyperbolic plane, 107
of the hyperbolic space, 154
of the Schwarzschild spacetime, 279

precession, 278
reparameterized, 168, 211
spacelike, 267

timelike, 267

triangle, 107, 148, 277

Global time function, 296
Globally hyperbolic spacetime, 296, 298

Golfer dilemma, 205
Gompf, 13
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Gradient, 99
symplectic, 220
Grassmannian, 45
Gravitational
collapse, 288
potential, 265
redshift, 278
Gromoyv, 97
Group, 56
abelian, 56
action, 40
fundamental, 43, 57
Galileo, 252
general linear, 34
homomorphism, 56
isomorphism, 56
Lie, 34
Lorentz, 257
orthogonal, 34
rotation, 35
special linear, 35
special orthogonal, 35, 180
special unitary, 36
unitary, 36

H
Half space, 5, 50
Hamilton, 165
Hamilton equations, 217
Hamiltonian
completely integrable, 225
extended function, 215
flow, 220
function, 208
vector field, 220, 235
action, 239
Harmonic
oscillator, 171
Hartman—Grobman theorem, 249
Hausdorff metric, 304
Hausdorff space, 2, 53
Hawking, 277, 286, 298
Hawking theorem, 307
Hessian, 147
Hilbert, 155
Holonomic constraint, 174
Homeomorphism, 53
Homogeneity of geodesics, 110
Homogeneous
Riemannian manifold, 120
space, 40
Homomorphism

of groups, 56

of Lie algebras, 29, 222
Homotopy, 57

invariance, 84

smooth, 77, 84
Hopf-Rinow theorem, 118
Hubble constant, 286
Hubble law, 287
Hyper-regular Lagrangian, 216
Hyperbolic

angle, 261, 277

plane, 107, 140, 152, 155, 173

space, 141, 149, 154, 269

surface, 152

fixed point, 249
Hypersurface, 157

Cauchy, 296, 298

simultaneity, 252

1
Ice skate, 196, 198, 203
Immersion, 21, 25

canonical, 21

isometric, 156
Impact parameter, 281
Incompressible fluid

continuity equation, 193

Euler equation, 193
Independence

of frequencies, 229

of functions, 224
Index of a singularity, 141
Induced

metric, 96

orientation, 52, 82
Inertia

ellipsoid, 192

moment of, 184, 185, 191

Newton’s law of, 252
Inertial

force, 192

frame, 252

observer, 254, 262
Infinitely differentiable, 12

function, 55
Infinitesimal action, 209
Inner product, 96
Instantaneous rest frame, 263
Integrable

distribution, 197, 198, 203

Hamiltonian, 225
Integral
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curve, 29
of a compactly supported form, 79
of a compactly supported function, 87
submanifold, 197
Interior
of a set, 53
point on a manifold with boundary, 5
Inverse function theorem, 56
Involution of functions, 224
Isometric immersion, 156
Isometry, 97, 106
group, 151
of the Euclidean plane, 152, 155
of the hyperbolic plane, 152, 155
of the sphere, 106, 153, 155
subgroup, 151
Isomorphism
of groups, 56
of Lie algebras, 29
Isotropic Riemannian manifold, 128, 131
Isotropy subgroup, 40, 226

J

Jacobi, 165

Jacobi equation, 116
Jacobi field, 117
Jacobi identity, 28
Jacobi metric, 168
Jacobi theorem, 168
Jacobian matrix, 55

K

KAM theorem, 229
Kepler problem, 173
Kernel of a group homomorphism, 56
Kervaire, 10, 13

Killing vector field, 108
Killing-Hopf theorem, 151
Kinetic energy, 167
Kirillov theorem, 236
Klein bottle, 3, 6, 155, 297
Koszul formula, 105
Kronecker symbol, 37
Kruskal extension, 276

L
Lagrange, 165
Lagrange top, 189, 192, 232
Lagrangian, 206
G-invariant, 209
action determined by, 206
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hyper-regular, 216
Laplace, 165
Laplace equation, 265
Leaf
of a foliation, 197
symplectic, 236
Left-invariant
metric, 99, 181
vector field, 36, 38
Legendre transformation, 216
Leibniz rule, 28, 224, 234
Length
contraction, 259
of a differentiable curve, 98
of a piecewise differentiable curve, 114
of a vector, 98
of a vector in Minkowski spacetime, 256
Levi—Civita connection, 104
of a bi-invariant metric, 116
of the hyperbolic plane, 107, 173
of the sphere, 106, 170
Levi—Civita theorem, 104
Lie algebra, 29, 222
homomorphism, 29, 222
isomorphism, 29
of a Lie group, 37
of the general linear group, 37
of the orthogonal group, 38
of the special linear group, 38
of the special orthogonal group, 38, 183
of the special unitary group, 38
of the unitary group, 38
of vector fields on a manifold, 28
Lie bracket, 28
Lie derivative
of a form, 78
of a function, 33
of a tensor field, 71
of a vector field, 33
Lie group, 34
bi-invariant metric, 116
Euler characteristic, 156
exponential map, 39, 116
homomorphism, 39
left-invariant metric, 99, 181
left-invariant vector field, 36, 38
of isometries, 151
Lie theorem, 43
Light
cone, 257, 275
deflection, 282
Lightlike, see null
Linear
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flow, 227 homotopy, 57
momentum, 214 orientation reversing, 48
Linear fractional transformations, 163 orientation-preserving, 48
Liouville form, 218 antipodal, 13
Liouville theorem, 221 momentum, 239
Lobachevsky, 95, 123 Poisson, 238
Local Mass
diffeomorphism, 12 center of, 178, 189, 214
isometry, 97 distribution, 180
Local immersion theorem, 21 of the Schwarzschild solution, 275
Local representation operator, 166
of a form, 73 Matrix
of a map, 12 change of basis, 89
Loop, 57 commutator, 37
Lorentz group, 257 exponential, 39
Lorentz transformation, 258 group, 39
Lorentzian manifold, 266 Jacobian, 55
Lucas problem, 253 Matter density function, 265

Maximal atlas, 9
Mean curvature, 157

M Mechanical energy, 167
Mébius band, 5, 6, 49, 155 Mechanical system, 166
Mobius transformation, 13, 163 conservative, 167
Magnetic conservative with magnetic term, 223
field, 212 motion, 166
vector potential, 212 Metric
Manifold bi-invariant, 116
contractible, 77 conformally related, 168
covering, 42 Fermat, 271
differentiable, 8 Hausdorff, 304
isotropic, 128, 131 induced, 96
Lorentzian, 266 Jacobi, 168
of constant curvature, 129, 148, 282 left-invariant, 99, 181
orientable, 47, 86 Minkowski, 255
oriented, 48 pseudo-Riemannian, 266
Poisson, 234 quotient, 99
product, 11 Riemannian, 96
pseudo-Riemannian, 266 Metric space, 121
Riemannian, 96 completeness, 121
simply connected, 57 topology, 121
symplectic, 233 Milne universe, 289
with boundary, 5, 50 Milnor, 10, 13
topological, 2 Minimal surface, 163
Map Minkowski, 251
affine, 44, 107, 154 Minkowski metric, 255
continuity, 53 Minkowski spacetime, 256, 298, 310, 318
covering, 42 Mixed tensor, 63
degree, 85 Moment of inertia
derivative, 55 principal, 185, 191
differentiable, 12, 55 tensor, 184, 185
differential, 19 Momentum
exponential, 39, 110, 116 angular, 170, 183, 211, 214

Gauss, 157 linear, 214
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map, 239 Orbit, 173
Morse function, 147 circular, 230, 231, 277, 278, 280, 310
Morse theorem, 147 of a group action, 40
Motion periodic, 172
of a mechanical system, 166 space, 41
periodic, 172 Orientable
Myers theorem, 310 double covering, 49
manifold, 47, 86
Orientation
N induced on the boundary, 52, 82
Nash, 97 number, 47
Neighborhood, 53 of a basis, 47
coordinate, 8 of a manifold, 47, 87
geodesically convex, 291 of a vector space, 47
normal, 110 time, 257
simple, 302 Orientation reversing
Newton, 165, 251 linear map, 47
Newton equation, 166, 169 map, 48
for a conservative system, 169 Orientation-preserving
generalized, 175, 199 linear map, 47
Newton’s law of inertia, 252 map, 48
Newton’s second law, 166 Oriented manifold, 48
Nodal line, 189 Orthogonal
Noether theorem, 209 distribution, 198
Hamiltonian version, 240 group, 34
Non-holonomic constraint, 195 Orthonormal
Nondegenerate basis, 259
2-tensor, 96 field of coframes, 148
critical point, 147 field of frames, 135
fixed point, 249
Normal
ball, 112 P
coordinates, 115, 291 Painlevé time coordinate, 275, 282
curvature, 160 Paradox
modes, 179 car and garage, 261
neighborhood, 110 twin, 260, 262, 269, 294
sphere, 112 Parallel
subgroup, 56 postulate, 107, 108
Null transport, 102, 107, 108
gCOdCSiC, 267, 295 Parameter
vector, 257, 260 affine, 104
impact, 281
Parameterization, 8
0 Particle
Observer free, 166, 252
in a rotating frame, 270 in a central field, 169, 225, 230
inertial, 254, 262 in an electromagnetic field, 212
stationary, 274 on a surface, 175, 176
Open Partition of unity, 79, 91
ball, 121 Past
cover, 53 causal, 290, 294, 314
equivalence relation, 54 chronological, 290, 294, 314

set, 53 domain of dependence, 296
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Past-inextendible causal curve, 296
Pathwise connected space, 197
Pendulum
double, 179
Foucault, 107
simple, 174, 176, 177
spherical, 178
Penrose, 277, 286, 298
Penrose theorem, 315
Perfect
fluid, 268
reaction force, 175, 176, 199
Pericenter, 173
Perihelion precession, 280
Periodic
motion, 172
orbit, 172
Picard-Lindelof theorem, 29, 102
Piecewise differentiable curve, 114
Poincaré recurrence theorem, 221, 224
Poincaré lemma, 78
Poinsot theorem, 192
Poisson, 165
Poisson action, 239
Poisson bivector, 236
Poisson bracket, 222, 234
Poisson equation, 265
Poisson manifold, 234
Poisson map, 238
Polar coordinates, 169
Positional force, 167
Positive definite
2-tensor, 96
linear operator, 184
Potential
electric, 212
energy, 167
gravitational, 265
magnetic, 212
Precession
Chandler, 192
geodesic, 278
of Mercury’s perihelion, 280
of the angular velocity, 191
of the equinoxes, 192
Thomas, 269
Principal
axis, 185, 191
curvature, 157, 160
direction, 157
moment of inertia, 185, 191
Principle
Copernican, 282

equivalence, 265, 267

relativity, 253
Product

manifold, 11

orientation, 49

topology, 54
Projection

bundle map, 17

stereographic, 11, 13
Projective

plane, 3,4, 6

space, 11,42, 88
Proper

acceleration, 263

action, 40

map, 40, 56

time, 231, 257, 267
Pseudo-Riemannian

manifold, 266

metric, 266
Pseudo-rigid body, 193
Pseudosphere, 152
Pull-back

of a covariant tensor, 70

of a form, 72
Push—forward

of a vector field, 29
Push-forward, 19

Q

Quaternions, 46, 57

Quotient
metric, 99
space, 54
topology, 54

R
Rank theorem, 24
Reaction force, 175, 199
perfect, 175, 176, 199
Redshift
Doppler, 262
gravitational, 278
Regular
point, 24
value, 24
Relativity
general, 267
of simultaneity, 259
principle, 253
special, 256
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Reparameterization, 99, 168, 211
Resonant torus, 229

Rest
density, 268
frame, 263

Restricted 3-body problem, 213
Reversed triangle inequality, 262
Ricci tensor, 129, 266, 310
Riemann, 1, 95, 123
Riemann tensor, 124
Riemannian manifold, 96
complete, 118, 298
homogeneous, 120
isotropic, 128, 131
of constant curvature, 129, 148, 282
volume element, 98
Riemannian metric, 96
Rigid body, 175, 176, 179
general, 190
mass distribution, 180
symmetry, 191
with a fixed point, 180
Rotating frame, 270
Rotation group, 35

S
Sagnac effect, 271
Sard theorem, 85
Scalar curvature, 130
Schur theorem, 154
Schwarzschild solution, 272, 298, 307, 317
geodesic, 279
mass, 275
Second countability axiom, 2, 53
Second fundamental form, 156, 161
of a distribution, 199
along a normal vector, 156
Sectional curvature, 127, 162
Semi-holonomic constraint, 197
Sequence
Cauchy, 121
convergence, 54
Signature, 259, 266, 268
Simple
neighborhood, 302
pendulum, 174, 176, 177
Simply connected
covering manifold, 43
manifold, 57
Simultaneity
hypersurface, 252
of events, 252

465

relativity of, 259
Singular
point, 141
spacetime, 298
foliation, 237
Singularity
index, 141
isolated, 141
Smale, 10
Smooth, see differentiable
Spacelike
geodesic, 267
vector, 257, 260
Spacetime, 252, 267
chronological, 296, 297
Friedmann-Lemaitre—Robertson—
Walker, 283, 287, 288, 298, 307, 317
Galileo, 252
globally hyperbolic, 296, 298
Minkowski, 256, 298, 310, 318
Schwarzschild, 272, 298, 307, 317
singular, 298
stably causal, 296, 297
static, 271
time-orientable, 290
time-oriented, 290
Special linear group, 35
Special orthogonal group, 35, 180
Special relativity, 256
Special unitary group, 36
Sphere, 3, 9, 26, 140
curvature, 151, 161
Euler characteristic, 146
isometry, 106, 153, 155
Levi—Civita connection, 106, 170
normal, 112
parallel transport, 107, 108
rolling without slipping, 204
standard differentiable structure, 11
standard metric, 97, 106
symplectic structure, 243
Spherical pendulum, 178
Stabilizer, 40
Stable fixed point, 249
Stably causal spacetime, 296, 297
Standard
differentiable structure on RP", 11
differentiable structure on R”, 9
differentiable structure on S”, 11
metric on RP", 99
metric on S2, 106
metric on S", 97
Static spacetime, 271
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Stationary
observer, 274
solution, 249
Stereographic projection, 11, 13
Stokes theorem, 81
Strong energy condition, 300, 309, 313
Structure
differentiable, 9
equations, 136
functions, 139
Subcover, 53
Subgroup, 56
isotropy, 40, 226
normal, 56
Submanifold, 23, 26
integral, 197
Submersion, 23
Subspace topology, 53
Support of a form, 78
Surface, 10
anti-trapped, 316
Euclidean, 152, 155
hyperbolic, 152
minimal, 163
of revolution, 140, 162, 178, 230
trapped, 315
Symmetric
2-tensor, 96
connection, 102
Symmetry
of a distance function, 118
of a rigid body, 191
Symplectic
canonical potential, 218
gradient, 220
manifold, 233
leaf, 236
Symplectic form
canonical, 218
canonical with magnetic term, 243
on the sphere, 243
Synchronized coordinate system, 299

T

Tangent
bundle, 17, 20, 49
space, 15, 20
vector, 15

Tensor, 62
alternating, 63
contraction, 130
contraction by a vector, 68

Index

contravariant, 62
covariant, 62
curvature, 125
energy-momentum, 268
mixed, 63
product, 62
Ricci, 129, 310
Riemann, 124
Poisson, 236
Tensor field, 69
covariant derivative, 103
Lie derivative, 71
Theorema Egregium, 160
Thomas precession, 269
Time
average, 228
coordinate, 231
dilation, 259
function, 252, 296
orientation, 257
Painlevé coordinate, 275, 282
proper, 231, 257, 267
Time-orientable
double covering, 297
spacetime, 290
Time-oriented spacetime, 290
Timelike
curve, 257, 267
geodesic, 267
vector, 256, 260
Tisserand criterion, 213
Topological
manifold with boundary, 5
space, 53
manifold, 2
Topology, 53
basis, 53
metric, 121
product, 54
subspace, 53
Torsion, 102
Torus, 3, 42, 297
Clifton—Pohl, 308
Euler characteristic, 146
flat square metric, 99
of revolution, 3
resonant, 229
Totally geodesic submanifold, 161
Totally normal neighborhood, 114
Tractrix, 155
Tractroid, 155
Transitive action, 40
Transverse vector field, 147
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Trapped surface, 315
Triangle inequality, 118
reversed, 262
Triangulation, 7, 145
True non-holonomic constraint, 197
Twin paradox, 260
generalized, 262, 294
on a cylinder, 269

U
Unitary group, 36
Universal covering, 43
Universe, 282
anti-de Sitter, 308, 310, 318
de Sitter, 289, 310, 318
Einstein, 289, 310, 318
Einstein—de Sitter, 290
Milne, 289
Upper semicontinuous function, 304

\%
Variation of a curve, 206
Vector
future-pointing, 257, 260
length, 98
lightlike, see null
null, 257, 260
spacelike, 257, 260
tangent, 15
timelike, 256, 260
Vector field, 26
f-related, 32
along a curve, 101
commutator, 27
commuting, 28, 31

compatible with a distribution, 197

complete, 31

covariant derivative, 100
divergence, 88, 109
flow, 30

Hamiltonian, 220, 235
Jacobi, 117

Killing, 108
left-invariant, 36, 38

Lie algebra, 28

Lie derivative, 33

on a submanifold, 32
parallel along a curve, 101
push-forward, 29
singular point, 141
transverse, 147

velocity, 268

Velocity

addition formula, 261
angular, 186
vector field, 268

Volume

form, 86
of a compact manifold, 87

Volume element, 86

w

Riemannian, 98

Wedge product, 64
Wheel rolling without slipping, 195, 198,

201, 204

White hole, 276
Whitney, 1
Whitney theorem, 25, 97

Z

Zero measure set, 80
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