
William C. Keel

The Road to Galaxy
Formation
Second Edition

J">*>. FuDiisnea in association witn

^ J Springer Praxis Publishing



Contents

Preface ix

Acknowledgments xiii

List of figures xv

List of abbreviations and acronyms xix

1 A cosmological cartoon 1
1.1 A standard cosmology 1

1.1.1 The cosmological principle 2
1.1.2 The Hubble expansion 4

1.2 The Einstein connection 7
1.3 Inflation in cosmology 11
1.4 The Universe accelerates 13
1.5 Bibliography 15

2 Galaxies today 19
2.1 Patterns in the mist 19
2.2 Galaxy components and quantitative classification 28
2.3 Disks, bulges, and dissipation 32
2.4 Bibliography 33

3 The fossil record in nearby galaxies 35
3.1 Introduction 35
3.2 The galactic halo: e pluribus unum? 42
3.3 Globular clusters: our collection 44
3.4 Globular clusters elsewhere 48



vi Contents

3.5 Dwarf galaxies 52
3.6 Bibliography 53

4 Measuring galaxies 55
4.1 Galaxy distances 55
4.2 Global properties—sizes, luminosities, and masses 64
4.3 Tracers of star formation . . 66

4.3.1 Emission lines: optical and infrared 66
4.3.2 Ultraviolet continuum from hot stars 68
4.3.3 Far-infrared dust heating 68

4.4 Dynamics and dark matter 69
4.5 Global correlations 72

4.5.1 Dynamics and luminosity 72
4.5.2 Galaxy color sequences 75

4.6 Selection bias in galaxy samples 76
4.7 Bibliography 78

5 Galaxy evolution 81
5.1 The clocks of galaxy evolution 82
5.2 Passive and active evolution 84
5.3 Outward in redshift and back in time 87

5.3.1 Radio galaxies 87
5.3.2 Lyman a emission 88
5.3.3 Lyman-break galaxies 88

5.4 Photometric redshifts and the history of star formation 90
5.4.1 Host galaxies of gamma-ray bursts 93

5.5 Watching galaxies evolve 99
5.6 Altered states and forced evolution 101

5.6.1 Galaxy interactions and mergers 101
5.7 Cluster processes driving galaxy evolution 104

5.7.1 Intracluster gas 106
5.7.2 Cooling flows, feedback, and galaxy building 108
5.7.3 The Butcher-Oemler effect—galaxy transformation in

action 112
5.7.4 Cluster growth 116

5.8 Bibliography 116

6 The intergalactic medium 121
6.1 Introduction 121
6.2 The Lyman a forest as part of the IGM 126
6.3 Filling space with galactic winds 129
6.4 The intracluster medium 134
6.5 Bibliography 135



Contents vii

7 The initial conditions before galaxy formation 139
7.1 Background radiation 139
7.2 The cosmic microwave background 141
7.3 Dark matter 152
7.4 Primordial nucleosynthesis 153
7.5 Deeper backgrounds 156
7.6 Bibliography 156

8 Active galactic nuclei in the early universe 159
8.1 Active nuclei today 159

8.1.1 Seyfert nuclei 159
8.1.2 Radio galaxies 161
8.1.3 Quasars 161
8.1.4 BL Lacertae objects 162

8.2 Accretion in AGN 162
8.3 Quasar evolution 163
8.4 The mysterious central engine 165
8.5 The G in AGN 166
8.6 QSO chemistry and the growth of galactic bulges 169
8.7 Active nuclei as drivers and quenchers of star formation? 172
8.8 Bibliography 174

9 Approaching the Dark Ages. 177
9.1 Quasars 178
9.2 Radio galaxies 178
9.3 The overall galaxy population 180
9.4 Submillimeter galaxies 186
9.5 Lyman a emitters 188
9.6 Lyman a blobs 191
9.7 Lyman-break galaxies 193
9.8 Deep fields: counts, colors, and populations 196
9.9 Scenarios for galaxy evolution 202
9.10 Global patterns: downsizing 203
9.11 Through the Universe darkly 204

9.11.1 Dust extinction 204
9.11.2 The Lyman a forest 205
9.11.3 Cosmological dimming 206
9.11.4 Gravitational lensing 206
9.11.5 Galaxies 212

9.12 Bibliography 213
• • • " )

10 The processes of galaxy formation 217
10.1 Cooling the gas 219
10.2 Modeling galaxy formation 221



viii Contents

10.3 First light 223
10.4 Reionization 229
10.5 Early galaxy growth 233
10.6 Is galaxy formation really finished? 235
10.7 Fast-forward to the present 238
10.8 Bibliography 239

11 Forward to the past—what can new eyes expect to see? 243
11.1 Gamma-ray prospects 243
11.2 X-ray satellites and the early Universe 244
11.3 Large ground-based telescopes in the optical and near-IR 245
11.4 After Hubble: the James Webb Space Telescope (JWST) 249
11.5 Far-infrared and submillimeter observations from space 252
11.6 ALMA: A worldwide effort in submillimeter astronomy 254
11.7 A really, really large radio array 256

Index 259


