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accelerating universe, 66, 119

acceleration equation, 60, 61, 104, 192, 214

with cosmological constant, 64

acoustic oscillations, 162

active galactic nucleus (AGN), 237

age of universe (t0)

Benchmark Model, 92

empty universe, 75

flat universe

matter + lambda, 92

matter only, 80

radiation only, 81

single-component, 78

angular-diameter distance (dA), 110–112,

157

maximum value, 113

vs. luminosity distance, 112

astronomical unit (AU), 2, 106

axions, 222

baryon, 19

baryon acoustic oscillations, 227

baryon–antibaryon asymmetry, 182

in early universe, 183

baryon-to-photon ratio (η), 143, 151, 163,

176, 179, 183

smallness of, 182

baryonic Jeans mass (MJ), 212

after decoupling, 212

before decoupling, 212

baryonic matter, 19

circumgalactic gas, 233

diffuse intergalactic gas, 233

interstellar gas, 233

intracluster gas, 233

warm-hot intergalactic gas, 234

baryons

energy density, 142

number density, 142

bear

polar, 107, 121

teddy, 34, 43

Benchmark Model, 73, 85–86, 96–99,

187, 188, 230

beryllium (Be), 167, 178

Big Bang, 5, 16–18

Big Bang nucleosynthesis, 169–180

Big Bounce, 93, 94

evidence against, 121

Big Chill, 86, 88, 90, 93

Big Crunch, 87, 88, 91, 93

evidence against, 119

time of (tcrunch), 88

Big Rip, 100

blackbody radiation, 21

blueshift, 13

bolometric flux (f ), 107, 109

Euclidean, 108

bottom-up scenario, 225

bremsstrahlung, 135, 246

cooling time, 247

brown dwarf, 125, 126

Cepheid variable stars, 114

period–luminosity relation, 114

chemical potential, 152

cluster of galaxies

Abell 2218, 139

Coma, 126, 130, 133–135

mass of, 134

Local Group, 10

Virgo, 2, 115, 146
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comoving coordinates, 43, 108, 111, 217, 239

Copernican principle, 11

correlation function, 227

and power spectrum, 228

Cosmic Background Explorer (COBE), 144

cosmic microwave background, 23, 142

amplitude, 146

and baryon density, 163

and flatness of universe, 163

blackbody spectrum, 23, 144

compared to starlight, 71–72

cooling of, 25

correlation function, 158, 159

dipole distortion, 144

discovery of, 143

energy density, 23, 142

number density, 24, 142

origin of, 160–163

temperature fluctuations, 146, 157

cosmic neutrino background, 72, 139

energy density, 72

number density, 139

cosmic time (t), 43

cosmological constant (�), 63–66, 194

energy density, 64

pressure, 65

cosmological principle, 12

perfect, 17

cosmological proper time, see cosmic time

critical density (εc), 57

current value, 57

curvature

negative, 39

positive, 38

curvature constant (κ), 40, 43

Dark Ages, 238

dark energy, 62, 69, 85, 226, 228

dark halo, 130

dark matter, 23, 131

axions, 139

cold, 221–222, 224–226

hot, 221–223

neutrinos, 139

nonbaryonic, 128

primordial black holes, 139

de Sitter universe, 83

deceleration parameter (q0), 103

Benchmark Model, 104

sign convention, 103

density fluctuations

lambda-dominated era, 215

matter-dominated era, 216

power spectrum, 219

radiation-dominated era, 215

density parameter (�), 57

baryons (�bary), 128

clusters of galaxies (�clus), 135

cosmological constant (��), 73

matter (�m), 73, 123

planets (�pl), 254

radiation (�r), 72

stars (�⋆), 126

deuterium (D), 167

deuterium abundance, 181

determination of, 181

deuterium synthesis, 169, 174

compared to recombination, 175

temperature of, 176

deuteron-to-neutron ratio, 176

diproton, 173

distance modulus (m − M), 119

dust

interstellar, 249

Einstein radius (θE), 137, 138

Einstein tensor, 51

Einstein’s static universe, 65, 93

instability, 65

radius of curvature, 65

Einstein–de Sitter universe, 80

electron (e−), 19

electron volt (eV), 3

empty universe, 74

expanding, 75

static, 75

energy density (ε)

additive, 69

baryons, 142

CMB, 142

flat universe, single-component, 79

matter, 70

radiation, 70

entropy, 59

equation of state, 61, 69

equilibrium

chemical, 153, 175

hydrostatic, 134, 209

kinetic, 151, 170

thermal, 21, 151

equivalence principle, 28

and photons, 36

and teddy bears, 34

expansion

adiabatic, 58

superluminal speed, 45
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false vacuum, 200

driving inflation, 201

Fermat’s principle, 36

first law of thermodynamics, 24, 58

flatness problem, 185–187

resolved by inflation, 194–195

fluid equation, 59, 61, 69

Fourier transform, 218

fractional ionization (X), 148, 154

free streaming, 222

freezeout, 172

Friedmann equation, 52, 61, 69,

186

with cosmological constant, 64

during inflation, 193

general relativistic, 55

Newtonian, 54

fundamental force, 190

electromagnetic, 27

electroweak, 190

Grand Unified Force, 190

gravitational, 27, 28

strong nuclear, 27

weak nuclear, 27, 172

galaxy

Andromeda (M31), 2, 10, 13, 129

distance, 115

Large Magellanic Cloud, 114, 115

distance to, 115

Milky Way, 2, 10, 129

central black hole, 237

luminosity of, 2

mass of, 130

mass-to-light ratio, 130

time of formation, 244

NGC 4874, 126

NGC 4889, 126

central black hole, 237

Small Magellanic Cloud, 114

galaxy formation, 243–247

cold flows, 248

galaxy luminosity function, 242

Gaussian field, 219

general relativity, 34–37

field equation, 37, 50, 51

geodesic, 36

geometry

Euclidean, 28

non-Euclidean, 49

gigayear (Gyr), 3

Grand Unified Theory (GUT), 189

phase transition, 191

gravitational instability, 206–209

gravitational lens, 136

cluster of galaxies, 138

MACHO, 136

gravitational potential energy, 131

gravity, Newton vs. Einstein, 36

helium (He), 167, 178

helium fraction (Y), 169

primordial, 173–174

homogeneity, 9, 11

horizon distance (dhor), 9, 79, 195

Benchmark Model, 98

flat universe

matter only, 80

radiation only, 81

single-component, 79

at last scattering, 189

horizon problem, 185, 187–189

and isotropy of CMB, 189

resolved by inflation, 195–197

Hot Big Bang, 5, 25

and production of CMB, 147

Hubble constant (H0), 13–15, 56, 103

Hubble distance (c/H), 17, 45

Hubble friction, 199, 201, 214

Hubble parameter (H), 56

Hubble time (H−1
0

), 16, 66

and age of universe, 16, 78

Hubble volume, 221

Hubble’s law, 13

consequence of expansion, 15

hydrogen (H), 167

inflation, 192–202

and density perturbations, 202

and flatness problem, 194–195

and horizon problem, 195–197

and monopole problem, 197

inflaton field, 198, 201

ionization energy (Q), 148

isotropy, 9–11

Jeans length (λJ), 210

radiation, 211

Keplerian rotation, 129

kinetic energy, 131

lambda, see cosmological constant

lambda CDM, 226

large scale structure, 204
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last scattering, 147

time of (tls), 156

last scattering surface, 147

angular-diameter distance to, 157, 158,

189

thickness of, 157

Lemaı̂tre universe, 93

lepton, 19

lithium (Li), 167, 178

loitering universe, 93, 94

lookback time, 98

Benchmark Model, 99

luminosity distance (dL), 107, 110

flat universe, 109

vs. angular-diameter distance, 112

MACHO, 136–138

magnetic monopole, 191

energy density, 192

number density, 192

magnitude, 117

absolute, 118

apparent, 118

mass

gravitational (mg), 28

inertial (mi), 28

mass-to-light ratio

cluster, 134

galaxy, 130

star, 124

matter-dominated universe

fate of, 89

negative curvature, 87

positive curvature, 87

matter–lambda equality, 73, 91, 92

Matthew effect, 206

Maxwell’s equations, 31

mean free path, 149

megaparsec (Mpc), 2

megayear (Myr), 3

metric, 40

curved space, 40, 41

flat space, 40

homogeneous & isotropic, 41

Minkowski, 42

Robertson–Walker, 42

Milne universe, 75

molecular clouds, 248

moment of inertia, 132

monopole problem, 185, 189–192

resolved by inflation, 197

neutrino (ν), 20, 139, 222

flavors, 20

massive, 21

neutron (n), 19, 169

decay, 19, 170, 176

neutron-to-proton ratio, 171

after freezeout, 172

nuclear binding energy (B), 168

of deuterium, 168, 174

of helium, 168

nucleons, 167

null geodesic, 42

Minkowski space, 42

Robertson–Walker metric, 46

Olbers’ paradox, 6–9, 17, 142

optical depth (τ ), 156

parallax distance, 106

parsec (pc), 2

particle horizon distance,

see horizon distance

peculiar motion, 55

perfect gas law, 61

phase transition, 191

loss of symmetry, 191

photodissociation, 21, 174

photoionization, 21, 148

photon (γ ), 21

photon decoupling, 147, 150, 155

time (tdec), 156

photon–baryon fluid, 162, 211

Planck (satellite), 144

Planck units

energy (EP), 3

length (ℓP), 3

mass (MP), 3

temperature (TP), 3

time (tP), 3, 82

Poisson distribution, 205, 220,

227

Poisson’s equation, 29, 63, 161

compared to field equation, 50

with cosmological constant, 64

power spectrum, 219, 223

and correlation function, 228

Harrison–Zel’dovich, 219, 221

scale invariant, 221

pressure (P)

additive, 70

negative, 60
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proper distance (dp), 43

flat universe

lambda only, 83

matter only, 80

radiation only, 81

single-component, 79

Robertson–Walker metric, 44

time of emission, 77

time of observation, 76, 105

proton (p), 19, 169

protostar, 253

Pythagorean theorem, 37

quantum gravity, 82

quark, 19

quasar, 237

number density, 239

radiation–matter equality, 73, 95

radiative recombination, 148

radius of curvature (R), 40, 43

recombination, 147

compared to deuterium synthesis, 175

time of (trec), 154

recombination temperature

crude approximation, 151

refined calculation, 154

redshift (z), 12

related to scale factor, 45–47

related to time, 74

redshift survey, 204

reference frame, 30

inertial, 30

reheating, 201

reionization, 234

and cosmic microwave background,

235

redshift of (z∗), 237

time of (t∗), 237

Robertson–Walker metric, 42

Sachs–Wolfe effect, 162

Saha equation, 153, 175

nucleosynthetic analog, 175

scale factor (a), 42, 43

empty universe, 75

flat universe

lambda only, 83

matter + lambda, 90, 91

matter only, 80

radiation + matter, 95

radiation only, 81

single-component, 78

negative curvature

matter only, 88

positive curvature

matter only, 88

Taylor expansion, 102, 103

solar luminosity (L⊙), 2

solar mass (M⊙), 2

sound speed (cs), 210

baryonic gas, 212

photon gas, 212

special relativity, 30–34

first postulate, 31

second postulate, 31

spherical harmonics, 158

standard candle, 107

determining H0, 114

standard yardstick, 110

angular resolution, 113

star

initial mass function, 124, 248

main sequence, 124

spectral type, 124

star formation, 250–253

first stars, 253

rate (ρ̇), 240

statistical weight, 152

Steady State, 17–18

stress-energy tensor, 51

supercluster, 11, 205

supersymmetry, 140

Theory of Everything (TOE), 190

Thomson cross-section (σe), 149, 172

Thomson scattering, 149

top-down scenario, 224

topological defect, 191

cosmic string, 191

domain wall, 191

magnetic monopole, 191

transformation

Galilean, 31

Lorentz, 32

triangle

in curved space, 38, 39

in flat space, 37

tritium (3He), 177

type Ia supernova, 116, 117

luminosity, 117
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vacuum energy density, 66, 67

vs. Planck energy density,

67

Virgocentric flow, 116

virial temperature, 245

virial theorem, 133, 244

steady-state, 133

virialization, 244

visible universe, 80

void, 11, 205

Wilkinson Microwave Anisotropy Probe

(WMAP), 144

WIMP, 23, 140, 221

year (yr), 2
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