A Course in Cosmology

From Theory to Practice

DRAGAN HUTERER

University of Michigan, Ann Arbor

;i; CAMBRIDGE
@ p) UNIVERSITY PRESS

KATALOG



Contents

Preface page ix
Acknowledgments xiv

Part | Foundations

1 Introduction to Cosmology 3
1.1  Cosmology: Science of the Universe 3

1.2 Observing the Universe 4

1.3 The Expanding Universe 4

1.4 Three Pillars of the Big Bang Model 6

1.5 Timeline of Key Events 6

1.6 Homogeneity and Isotropy 9

1.7 Units in Cosmology 11
Bibliographical Notes 13

2 The Hubble Law and Geometry of Space 14
2.1 Cosmological Redshift 14

2.2 The Hubble Law 15

2.3 The Geometry of Space 20

2.4 Friedmann-Lemaitre-Robertson-Walker Metric 23

2.5 From Coordinates to Distances 24

2.6 The Friedmann I Equation 29
Bibliographical Notes 35
Problems 35

3 Contents of the Universe 41
3.1 Continuity and Friedmann II Equations 41

3.2 Single-Component Universes 44

3.3 Multiple-Component Universes 50

3.4 Observable Distances 57
Bibliographical Notes 63

63

Problems



Contents

Part Il The Early Universe

Early-Universe Thermodynamics

4.1
4.2
4.3

Thermodynamics Basics

Thermal Equilibrium
Entropy in the Universe

Bibliographical Notes

Problems

Neutrinos in Cosmology

5.1
5.2
5.3

5.4

Neutrinos: A Brief History

Neutrino Oscillations

Decoupling of Neutrinos

Neutrino Density and Cosmic Background

Bibliographical Notes

Problems

The Boltzmann Equation and Baryogenesis

6.1
6.2

The Boltzmann Equation
Baryogenesis

Bibliographical Notes

Problems

Big Bang Nucleosynthesis

7.1 The Case for Primordial Nucleosynthesis
7.2 Leaving Thermal Equilibrium

7.3  Elemental Abundances: Theory

7.4 Elemental Abundances: Measurements
Bibliographical Notes

Problems

inflation

8.1 Problems with the Standard Cosmological Model
8.2 Inflationary Solution

8.3 Inflation: Modern Picture

8.4  Quantum Fluctuations of Inflation

8.5 Connections to Observations

8.6 Eternal Inflation and Multiverse

Bibliographical Notes
Problems

71
71
76
81
83
83

87
87
90
94
98
101
101

104
104
109
113
113

116
116
121
123
127
133
133

136
136
141
146
153
158
164
167
167



Contents

10

11

12

13

Part 11l The Later Universe

Large-Scale Structure in the Universe

9.1 Density Perturbations

9.2 Correlation Functions

9.3 Density Perturbations: Basic Principles
9.4 Growth of Structure

9.5 Power Spectrum

9.6 Structure Formation

9.7 Galaxy-Halo Connection
Bibliographical Notes

Problems

Statistical Methods in Cosmology and Astrophysics
10.1 Introduction to Statistics

10.2 Bayesian vs. Frequentist Statistics

10.3 Likelihood Analysis

10.4 Goodness-of-Fit and Model Selection

10.5 Markov Chain Monte Carlo

10.6 Fisher Information Matrix: Forecasting the Errors
Bibliographical Notes

Problems

Dark Matter

11.1 Historical Evidence for Dark Matter

11.2 Modern Evidence for Dark Matter

11.3 Particle Dark Matter

11.4 Detection of Dark Matter

11.5 MOND — an Alternative to Dark Matter?
Bibliographical Notes

Problems

Dark Energy

12.1 The Discovery of Dark Energy

12.2 Describing and Measuring Dark Energy
12.3 Theoretical Considerations
Bibliographical Notes

Problems

Cosmic Microwave Background

13.1 CMB Observed

13.2 Recombination and Photon Decoupling
13.3 Physics Behind the Power Spectrum
13.4 Describing CMB Anisotropies

175
175
178
181
187
192
207
218
220
221

229
229
235
241
243
248
254
261
262

267
267
273
274
282
286
287
288

291
291
299
303
310
310

316
316
323
332
340



viii

Contents

14

13.5 CMB Polarization

13.6 The Sunyaev-Zeldovich Effect
13.7 Primordial Non-Gaussianity
Bibliographical Notes

Problems

Gravitational Lensing

14.1 Gravitational Lensing Basics
14.2 Point-Mass Lens

14.3 Beyond the Point Mass

14.4 Weak Gravitational Lensing
Bibliographical Notes

Problems

Appendix A: Natural Units

Appendix B: Useful Constants

Appendix C: Fundamental Particles

Appendix D: Symbol Definitions

References

Index

The plate section can be found between pp 210 and 211

351
356
361
362
363

371
371
374
378
383
393
394

399

402

404

405

409
418



