
Index

aberration 30–31

abundances of light nuclei 319–321

helium 319–320

deuterium 320–321

case for non-baryonic dark matter 321

accelerating Universe 270–271, 310–311

action principle 105–106

in Riemannian spacetime 105–106

Adams, John Couch 151

aether 2

affine connection 63

age of the Universe 253, 255, 257, 273, 315–319

estimate from stellar evolution 316–317

estimate from nuclear decays 317–318

prolongation by the λ-term 318–319

Alpher, Ralph 294

angular-size–redshift relation 260–263

measurements of 313–315

Aristotle 86, 88

astroparticle physics 297

asymptotically flat spacetime 223

Bardeen, J. 215

Bianchi identities 77

big bang 258, 295

hot 277

binary pulsar PSR 1913+16 153, 169

Birkhoff’s theorem 129

black hole 40, 195–218

detection of 216–218

energy extraction from 213–216

with mass, charge and/or spin 207–212

physics of 212–216

first law of 212

second law of 212–213

third law of 215

zeroth law of 215

radiation from 348–350

primordial black holes 350

supermassive in M87 218

surface gravity of 214–216

Bolton, J. 312

Bolyai 37

Bondi, Hermann 35, 341

Brans–Dicke theory 145, 159, 338

role of scalar field in 338

Brownian motion 1

C-field 342–343

Carr, Bernard 350

Carter, B. 215

Chandrasekhar, S. 185, 194–195

Chandrasekhar limit 195

Christoffel symbols 62–64

clock paradox 18, 27–28, 338

closure/critical density 252, 254

COBE satellite 294

spectrum by 295, 322

Coles, Peter 155

Compton scattering 23–24

Compton wavelength 24

conformal transformation 68–69, 98–99

invariance of Maxwell’s equations 115

invariance of scalar wave equation 83

invariance and vanishing trace of stress energy tensor

115

cosmological constant 119, 123–124, 225–227

as Lagrange multiplier 119, 124

fine tuning of 330

models using 268–272

cosmological principle 232–233

cosmological redshift 234–236

cosmological spacetime 97

counts of discrete sources 311–313

of galaxies 312

of radio sources 312–314

covariant differentiation 59–66

curvature parameter k 97, 232–233, 267–268
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Index 359

curvature of spacetime 70–77

curvature tensor: see Riemann tensor

Cygnus X-1 212

dark energy 330–331

dark matter 327–330

in clusters of galaxies 328–330

in spiral galaxies 327–328

Datt, B. 200

Datt–Oppenheimer–Snyder solution 200

deceleration parameter 253

density parameter 254

de Sitter, W. 227

de Sitter universe 80, 97–98, 227

Dicke, Robert 294, 300

Dodgson, Marina 315

Doppler effect 29–31, 146–147

Dust or pressure-free matter 108–109, 252–258

Eddington, A. S. 154, 156, 195, 227, 268

idea of a black hole 195

Eddington coordinates 204

εi jkl 53

Einstein, Albert 1, 5, 116, 153–154, 162–163, 223–225

Einstein’s equations 116–124

from action principle 118–119

heuristic derivation 116–117

Newtonian approximation of 119–124

slow-motion approximation of 120

weak-field approximation of 120

Einstein–de Sitter model 252

Einstein tensor 76

zero divergence of 77

Einstein universe 224–227

Electron–positron annihilation 283–284

energy-momentum tensor

conservation of 111–113

of electromagnetic field 110–111

of matter 107–110

dust 108–109

fluid 109–110

relativistic particles 109

of a scalar field 113–114

in cosmology 247–251

matter versus radiation domination 250–251

from variation of metric tensor 106–107

entropy problem 301

equivalence principle: see principle of equivalence

expanding universe 228–229

experimental tests of general relativity 143–159

bending of light 153–156

Eddington’s experiment 154–155

equality of inertial and gravitational mass 158–159

gravitational redshift 146–149

derived 147–148

Pound–Rebka experiment 148–149

in white dwarfs 148

in microwaves 156

Newtonian prediction 153–154

precession of perihelion of Mercury 150–153

periastron precession in binary pulsar 153; see also

solar oblateness

precession of a gyroscope 159

radar echo delay 157–158

Faraday, Michael 59

lines-of-force concept of 59–60

Fitzgerald, G. 5

Fitzgerald contraction 5

flat spacetime 73

flatness problem 298–301

formation of light nuclei 286–292

deuterium 291–292

and non-baryonic dark matter 291–292

helium 288–291

and neutrino species 290–291

Foucault pendulum 335

Fowler, R. H. 194

Fowler, William A. 177, 317–318

Friedmann, A. 245

Friedmann or Friedmann–Lemaı̂tre models 245–273

dynamics of 252–257

closed 253–255

flat 252–253

open 255–257

Galilean transformation 5, 7

Gamow, George 277

Gauss 37

geodesic 78–82

affine parameter of 79

deviation of 80–82

Gödel’s universe 98, 337–338

Gold, T. 341

gravitational collapse 196–203

Newtonian description of 196–197

non-spherical 206–207

relativistic description of 197–200

viewed by external observer 200–203

gravitational field, strong and weak 143–144
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360 Index

gravitational lensing 185–192

basic theory 187–190

first observed case 0957+561 A, B 186–187

magnification and amplification produced by

190–192

prediction by Zwicky 186

relationship to superluminal motion in quasars 186

gravitational radiation: see gravitational waves

gravitational redshift 146–148

gravitational waves 162–175

detectors of 170–174

bar detectors 170–171

laser interferometers 172–173

in space 173–174

in general relativity 162–163

in linearized approximation 163–166

plane waves 164–165

radiation of 165–166

sources in the cosmos 166–170

coalescing binaries 167–169

explosive sources 169–170

Guth, A. 302–303

Hayashi, Chushiro 286

Hawking, S. W. 209, 348–349

Heckmann–Schücking spacetime 98

Herman, Robert 294

Hilbert 114

action principle of 118–119

homogeneity and isotropy 91–98

relation to Killing vectors 91–93

horizon, event 264–266

horizon, particle 263–264

horizon problem 297–298

Hoyle, Fred 177, 258, 313, 317, 341

Hoyle–Narlikar theory of gravitation 342

Hubble, Edwin 228

Hubble’s constant 228, 236–237

Hubble’s law 228–229

Derived from Robertson–Walker model

236–237

Hubble radius 265

Hubble time 237

inertia 337–338

inertial frame 10

inertial observer 5, 7, 9

Infeld, L. 162

inflation 302–303

isometry 88

Jackson, J. C. 315

Jansky, Karl G. 313

jansky as a unit of flux density 313

K-correction 240

Kazanas, D. 302

Kellermann, Ken 315

Kerr, Roy 209

Kerr solution 209–211

Kerr metric 57, 209–210

ergosphere 211

horizon 211

static limit 210

Kerr–Newman black hole 211–212

Killing’s equations 87–88

Killing vector field 88–91

relation to geodesics 91

kinematic relativity 257

relation to homogeneity and isotropy 91–94

Kronecker delta 49

Kruskal, M. D. 204

Kruskal coordinates 204–206

λ-term: see cosmological constant

Larmour, J. 5

Lemaı̂tre, Abbé 245, 268

Leverrier, U. J. J. 151

LIGO 172–173

LISA 173–174

line element 42

Schwarzschild 129

Lobatchevsky 37

locally inertial coordinates 68, 75, 77,

100–101

lift under free fall 101–102

Lorentz contraction and time dilatation 14–18

length contraction 14–16

muon decay 17

simultaneity 17–18

time dilatation 16–17

Lorentz, Hendrik 5

Lorentz transformation 5, 8–9

Lorentz group of 13

special form of 10

luminosity distance 237–241, 258–260

Mach, Ernst 336

Mach’s principle 10, 335–338

and twin paradox 338

magnitudes, absolute and apparent 240
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Index 361

Maxwell’s equations 5–9

invariance of 5–9

McKellar, Andrew 294

prediction of background radiation temperature by

294

Meisl, C. C. 318

metric 41–43

de Sitter 80, 97–98

inverse of, as a tensor 49–50

Kerr 57

Minkowski 41–42

Robertson–Walker: see Robertson–Walker line element

Schwarzschild 129

on a spherical surface 43

tensor 50

Michelson, A. A. 2

Michelson–Morley experiment 2–5

microwave background 292–296, 321–327

angular power spectrum 323–325

COBE map 324

WMAP 325

intensity spectrum from COBE 322

last scattering surface: see surface of last scattering

PLANCK satellite 326

polarization in 326

Sachs–Wolfe effect 325

Sakharov oscillations 326

BOOMERANG peak 326

Sunyaev–Zel’dovich effect 325–326

Mills, B. 312

Milne model 257

minicreation events 343–344

minimal coupling 102

Minkowski, Hermann 12

Minkowski spacetime 12–14

Minkowski metric 13

scalars, vectors and tensors in 13

timelike, spacelike and null defined in 13

monopole problem 301–302

Morley, E. 2

neutrino decoupling 281–282

neutron-to-proton number ratio 284–286

Newton, Isaac 2, 336–337

laws of motion 336–337

role of inertial forces in 336–337

Newtonian approximation: see Einstein’s equations

Newtonian law of gravitation 34–35

nonlinear corrections to 35

Newton’s bucket experiment 336

Noether, Emily 113

Noether’s theorem 112–113

non-Euclidean geometries 37–38

relationship to gravity 38–40

Nordström, G. 207

Olbers paradox 241–243

Oppenheimer, J. Robert 200

Palatini method 124

parallel transport 61–64

along finite curves 70–75

particle distribution functions 277–281

high-temperature (relativistic) limit of 279–280

low-temperature (non-relativistic) limit of 281

Peebles, P. J. E. 292, 294, 300

Penrose, R. 213

Penrose process 213–214

Penzias, A. A. 294

Perlmutter, S. 308

photoelectric effect 1

Planck particle 342

Poincaré, Henri 9

PPN parameters 144–145, 160

Price, R. H. 207

Price’s theorem 207

principle of equivalence 100–103

strong and weak 102

principle of relativity 6–7, 10

quantum gravity 346–348

via loop theory 351

Planck time 347

singularity avoidance in conformal framework 347–348

via string theory 351

quantum theory 1

quasars (quasi-stellar objects or QSOs) 176–177

quasi-steady-state cosmology (QSSC) 341–346

minicreation events in 343–344

microwave background in 344–345

production of light nuclei in 345

scale factor of 344

structure formation in 346

Type 1A supernovae in 345–346

quotient law 52

radiation-dominated universe 275–277

time–temperature relationship in 277, 285, 296–297

Raychaudhuri’s equation 339–340

recombination epoch 293
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362 Index

redshift 30

Doppler 30–31

redshift–magnitude relation 306–311

for brightest galaxies in clusters 307

for Type 1a supernovae 307–311

Reiss A. 308

Reissner, H. 207

Reissner–Nordström black hole 207–209

relativistic mechanics 18–23

centre of mass frame 22–23

mass–energy relation 20–21

4-momentum 21–22

Ricci tensor 76

Riemann 37

Riemann tensor 72

number of independent components of 75

symmetries of 75

Riemann–Christoffel tensor: see Riemann tensor

Riemannian geometry 65–66

Robertson, H. P. 233

Robertson–Walker line element 233

field equations in 246–247

Hubble’s velocity–distance relation in 236–237

redshift in 234–236

Rossetter, Jack C. 351

Ryle, Martin 312

Saha, Meghnad 293

Saha’s equation 293

Sandage, A. R. 306–307

Sato, K. 302

scalar 45–46

scalar curvature 76

scale factor or expansion factor 233

Schwarzschild, Karl 126

Schwarzschild exterior solution 126–131

in isotropic coordinates 130, 145

motion of a test particle in 134–140

Newtonian limit of 135–137

relativistic limit of 137–140

motion of photon in 140–141

in other coordinate systems: see specific systems

Schwarzschild barrier 203

Schwarzschild radius 129

stable and unstable circular orbits in 137–139

Schwarzschild interior solution 131–134,

180–181

redshifts in 142

singularity 231, 339–341

avoidance through negative energy fields 341

theorems on 341

Slipher, V. M. 228

Snyder, H. 200

solar oblateness and perihelion of Mercury 161

source counts 266–268

spacetime 12, 34

curved 40

de Sitter 80

metric: see metric

symmetries of: see symmetries of spacetime

special relativity 1–31

aberration in 30–31

addition of velocities in 11–12

corrections to because of gravity 36

Doppler effect in 29–31

electrodynamics in 28–29

mechanics in 18–23: see also relativistic mechanics

origin of 9–10

spectral shift 146–147

spherically symmetric spacetime 97

spinors 14

standard model of cosmology 330–331

concordance cosmology 330

precision cosmology 330–331

steady-state cosmology 341

strong gravitational fields 176–177

summation convention 12–13, 43–44

supermassive stars 177

binding energy of 180–185

equilibrium of 178–185

small oscillations of 185

supernovae of Type 1a 307–311

Supernova Cosmology Project 308

surface gravity of a black hole: see black hole

surface of last scattering 293, 331

symmetric and antisymmetric tensors 14, 52–54, 85–86

symmetries of spacetime 85–98

displacement of spacetime 86–88

maximally symmetric spacetime 93–94

spacetime of constant curvature 94–95

symmetric subspaces 96–98

Szekeres, G. 204

Szekeres coordinate system 204–206

tensor 48–54

contraction of 51

covariant, contravariant and mixed 48–49

inertia tensor 50

metric tensor 50

rank of 49

stress tensor 49–50

trace of 115
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Index 363

Texas symposium on relativistic astrophysics 177

Thomson scattering 305

three-index symbols: see Christoffel symbols

time–temperature relationship: see radiation-dominated

universe

twin paradox: see clock paradox

uniformly accelerated particle 25–27

frame of 103–105

vector

contravariant 46–47

covariant 47–48

velocity–distance relation: see Hubble’s law

Walker, A. G. 233

Weber, Joseph 170–171

Weyl, Hermann 230

Weyl tensor 83

Weyl’s postulate 229–232

white hole 218–220

relation to gamma-ray bursts 220

Wilkinson, David 294

Wilson, Robert 294

world line 18

X-ray data in clusters 329

Zwicky, Fritz 186, 328
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