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G3/S2 symmetric spacetime, 367
G3/S2 symmetry, 401
ACDM model, 272, 347

Abelian group, 87
absolute
-apparent horizon, 418-429, 521, 522
-luminosity, 282, 347
acausal spacetime, 202
accelerating expansion of Universe, 269, 270, 272,
273, 347-349
mimicking-, 347, 348
acceleration, 246
-of light ray, 229
-transformation, 86
-vector, 215
action
-integral of gravitation, 131
-of group, 99, 100
multiply transitive-, of group, 100
simply transitive-, of group, 100
transitive-, of group, 100
active gravitational mass, 291, 292, 369, 385, 410
adapted coordinates, 36, 44, 64, 65, 375
affine
-connection, 28, 30-33, 35, 42, 45, 47
-parameter, 33, 42, 46, 57, 169, 250, 363
-parametrisation, 45, 321, 363
age of Universe, 270, 279
AH, see apparent horizon
AHT, see future apparent horizon
AH™, see past apparent horizon
algebraic
-computing, 92, 93
-type of Weyl tensor, 65, 114
algebraically special metrics, 444
angular
-momentum, 450, 470, 487
-conservation of, 152
orbital-, 470
-velocity
-of Earth, 501
-of rotating fluid, 212
anomaly
eccentric-, 505
true-, 505

antilinear
-index, 109
-transformation of spinors, 108
antisymmetric
-part of tensor, 17, 95
-tensor (density), 17, 20, 24
antisymmetrisation, 17, 18, 22, 23, 44, 92
antisymmetry, 20, 48, 90, 92
apparent
-horizon, 192, 193, 230, 231, 276, 305-312, 314,
318, 326, 327, 331, 333, 334, 336, 338, 340,
357, 363, 365, 418, 419, 422-429
-in Friedmann models, 308
-in L-T model, 305
future-, 193, 230, 306-308, 310-312, 314, 315,
317, 318, 338, 339, 356, 357, 365
past-, 230, 277, 307-310, 312, 314, 315, 317,
318, 356, 357, 365
-magnitude, 282
approximation, weak-field-, 148, 149
area distance, 240
observer-, 242, 246
source-, 241, 277
areal radius, 290, 343, 415
associated
-function, 18
-mapping, 18, 19, 69, 76
asymptotically
-Cartesian coordinates, 133, 155
-flat spacetime, 133, 488—-490
axial symmetry, 487, 488
axisymmetric spacetime, 487

back-reaction, 149
bang-time function, 291
barotropic equation of state, 221, 260, 395, 400
basis
-in tangent space, 125
-of Killing vector fields, 77, 78
-of generators, 94
-of orthonormal vector fields, 67, 68
dual-, 27
Beidou navigation system, 499, 506
Bergmann—Wagoner theory, 145
bi-metric Rosen theory, 146
bi-tensor, 36
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Bianchi
-algebra, 106
-basis, 106
-classification, 94, 98, 99, 106
-identities, 44, 55, 92, 129, 235
contracted-, 158
-type, 94, 96-99, 103, 106, 367
-metrics, 255
-models, variational principle for-, 132
-solutions of Einstein equations, 220
-spacetime, 94, 100, 102-104, 141, 142
Big Bang, 192, 262, 278, 280, 283, 284, 292, 293,
301, 308, 320, 324-326, 331, 334, 342,
346-348, 351, 352, 354-358, 360, 375-378,
382, 402, 403, 433
-function, 341, 342, 410
cigar-type-, 433
lagging cores of-, 351, 352
pointlike-, 433
position-dependent-, 292
simultaneous-, 433
Big Crunch, 262, 293, 308, 310, 319, 324, 326,
331-334, 337, 339, 340, 346, 354, 355, 357,
358, 375-378, 382, 411, 415, 424, 425, 428
-function, 410
prevention of-, 375
Birkhoff theorem, 167, 169
black
-body
-radiation, 283
-spectrum, 283, 327
-hole, 47, 191, 192, 309-311, 427, 429, 449, 469,
486, 487
-formation, 312
-model, 276
dynamical-, 230
Kerr-, 485
object falling into-, 192
observed-, 191
blueshift, 322, 352
infinite-, 276, 322, 324-326
Boltzmann constant, 283
Boyer—Lindquist coordinates, 451-453, 460462,
464, 465, 477-480, 484, 491, 497, 498
Brans—Dicke
-field equations, 144
-theory, 144

Cartesian
-coordinates, 1, 77, 78, 86, 87, 211, 225, 398, 450
asymptotically-, 133, 155
rectangular-, 45
-product, 164
-reference system, 4
, see also coordinates, Cartesian
caustic, 241
centrifugal potential, 503
characteristic equation, 112
charge density, 375
charged dust, 370, 373, 378
shell crossing in-, 381, 382
Christoffel symbols, 47, 48, 50, 72, 75, 90, 91, 124,
125, 135, 170, 225, 443, 444

5-dimensional-, 160
variations of-, 131
class of a Riemann space, 64
classification
Bianchi-, 94, 98, 99, 106
Petrov-, 65, 66, 108
closed
-Universe, 256
-timelike curve, 453
-trapped surface, 230, 305
CMB, see cosmic microwave background
Codazzi equations, see Gauss—Codazzi equations
cold dark matter, 269
collineations, 84
commutator
-of directional covariant derivatives, 35
-of second covariant derivatives, 34, 35, 44
-of vector fields, 36
comoving
-coordinates, 137, 193, 257, 278, 289, 308, 327,
331, 332, 336, 341, 391
-observer, 276, 501
-synchronous coordinates, 289, 366
conformal
-Killing fields, 81, 83, 86
finite basis of-, 81
-Killing vector, 81, 249, 340
-curvature, 54
-tensor, 54
-diagram, 199-201, 206
-image, 67
-of null geodesic, 200
-of null infinity, 200
-mapping, 53, 67
-symmetry, 81, 82, 86, 87, 393
conformally
-equivalent
-Riemann spaces, 81
-metrics, 81
-flat
-Riemann space, 53, 54, 64
-hypersurface, 401
-metric, 54, 56, 487
-perfect fluid solutions, 257
-solution of Einstein’s equations, 285
-related Riemann spaces, 53, 54, 67
connection
-coefficients, 28, 30, 33, 41, 45, 47, 48
-forms, 91
symmetric part of-, 33
conservation
-equation of radiation, 240
-of angular momentum, 152
constant, see under specific names, e.g.
gravitational constant
-curvature, 99
space of-, 87, 256
-of motion, 466
-time hypersurface, 214
structure-, 76, 86, 87, 94, 95
continuity equation, 139, 155, 220
continuous medium
-in Newtonian hydrodynamics, 211
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-in relativistic hydrodynamics, 213 -singularity, 262
contraction (of a tensor over indices), 16 Cotton—York tensor, 54, 56, 400
contrast covariant
curvature-, 344 -components of a vector, 47
density-, 344 -derivative, 26, 28, 30, 34, 35, 40, 41, 44, 48, 54,
contravariant 60, 91, 225, 232
-components of a vector, 47 directional-, 31, 35, 60, 216
-vector, 13, 24, 27, 37, 40, 47 -differentiation, 26, 34, 37, 40
-density, 16 -vector, 19, 34, 37, 40, 47, 55
-field, 13, 35 -field, 13, 19, 30, 34
-vectors, bases of-, 89 -vectors, bases of-, 89
convergence of null geodesics, 240 critical density, 261, 278, 281
coordinate curvature, 34, 36, 43, 48, 50, 51, 56, 67, 99
-singularity, 317 -contrast, 344, 346
-system, 13, 65 -coordinates, 162, 165, 184, 186, 193, 289, 362,
-transformation, 20, 46, 47, 69 378
linear-, 49 -index, 255, 368
space-, 57 -of symmetry orbit, 165
time-, 57 -parameter, 271
coordinates, 13 -scalar, 92
-adapted to Killing fields, 487 -tensor, 34, 35, 43, 44, 48, 51, 101
-spherical, 78 conformal-, 54
adapted-, 36, 44, 64, 65, 375 conformal-, 54
Boyer—Lindquist-, 451-453 constant-, 99
Cartesian-, 1, 31, 41-43, 77, 78, 86, 87, 211, 398, extrinsic-, 60
450 normal-, 51
asymptotically-, 133 quick calculation of-, 89
locally-, 56 Riemann-, 51
rectangular-, 49 scalar-, 99
comoving-, 137, 193, 257, 278, 289, 308, 327, space of constant-, 87
331, 332, 336, 341, 391 curve
comoving-synchronous-, 289, 366 null-, 57, 59
curvature-, 162, 165, 184, 193, 289, 362, 378 spacelike-, 57
geodesic-, 193 timelike-, 57
isotropic-, 193
Lemaitre-, 193 dark
Lemaitre-Novikov-, 304, 330, 338, 339, 374, 386, -energy, 262, 269, 281, 347-349
390 -matter, 261
Lorentzian-, 154 cold-, 269
mass-curvature-, 378 -star of Laplace, 192
Novikov-, 193 Datt-Ruban metric, 373, 383, 389, 390, 392, 395,
rotating-, 154 409
spherical-, 49, 87 de Sitter metric, 85, 87, 93, 168, 285
synchronous-, 289 Debever
Szekeres—Szafron-, 399 -method of Petrov classification, 115
interpretation of-, 397 -spinor, 112-116
Copernican principle, 223 -vector, 116
corrected luminosity distance, 245 degenerate-, 235, 444
cosmic -vector field, 477
-censorship, 336, 340, 449 deceleration parameter, 259, 263
-hypothesis, 336, 338, 340, 341 deflection
-microwave background, 224, 261, 278, 280, 281, -of light rays, 175
284, 285, 324, 327, 329, 330, 347, 352 -in a gravitational field, 177
-temperature, 302, 355 measurement of-, 178—180
quadrupole anisotropy of-, 355 -of microwaves, 180
temperature anisotropies of-, 280, 302 density
cosmological -contrast, 297, 344
-constant, 140, 167, 259, 282, 341 -parameter, 271, 330
-parameter, 271 -perturbations
-problem, 281 decreasing-, 344
value of-, 282 increasing-, 344
-model, 276 -waves, 365
-principle, 223, 224 mean mass-, 269
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derivative
covariant-, 26, 28, 30, 34, 35, 40, 41, 44, 48, 54,
60, 91, 225, 232
directional-, 35, 60, 75, 216
directional-, 13, 15, 19, 65, 77, 91
exterior-, 90, 93
Lie-, 75, 101
partial-, 91
deviation
geodesic-, 249, 335, 341
-equation, 243, 244, 249
-operator, 249
differentiable
-manifold, 12, 18, 20
-vector field, 70
differential
-form, 89, 90, 92, 93
perfect-, 31
differentiation, covariant-, 26, 34, 37, 40
dilatation, 86
dilation, time-, 504
dipole
-axis, 417
mass-, 409, 416, 417, 423
-moment, 151
direct orbit, 171, 470, 471
directional
-covariant derivative, 60, 75, 216
-derivative, 65, 77, 91
distance
-in cosmology, 240
area-, 240
corrected luminosity-, 245
luminosity-, 272, 347
observer area-, 246, 263, 347
source area-, 277, 282
divergence of a vector field, 24
Doppler effect, transverse-, 504, 507
double-null tetrad, 92, 231, 232
dragging inertial frames, 154, 453
drift
-free cosmological model, 249
-of light rays, 349, 350
position-, 248, 249, 253
redshift-, 253
Droste solution, 168
dual
-basis, 27
-electromagnetic field tensor, 157
-field of basis vectors, 89
duality, 158
-rotation, 157, 158, 166
dummy indices, 16
dust, 137, 139
charged-, 370

Earth
-surface, idealised, 503
equatorial radius of-, 502
gravitational field of-, 502
gravitational potential of-, 502
quadrupole moment of-, 499, 503, 504
eccentric anomaly, 505
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eccentricity of orbit, 172
ECEF = Earth-centered, Earth-fixed reference
system, 500, 501, 503
ECI = Earth-centered inertial reference system,
500-502, 504
effective
-mass, 372, 377
-potential, 503
EH, see event horizon
EH, see future event horizon
EH™, see past event horizon
Ehlers—Kundt method of Petrov classification, 115
eigenvalue, 65
Einstein
—Cartan theory, 145
—Maxwell equations, 158, 159, 161, 166, 370,
373, 456, 458
solutions of-, 167
variational principle for-, 159
-Universe, 140, 261, 268-270, 285, 361
-cross, 182
-equations, 128, 129, 136, 217, 220, 235, 257,
280, 289, 290, 373, 391, 401, 458, 511, 519
-for Robertson—Walker metric, 260
-in 5 dimensions, 161
-with cosmological constant, 140
-with electromagnetic source, 160
Hilbert’s derivation of-, 129
integration of-, 361
linearised solution of-, 502
Newtonian limit of-, 133, 136
sources in-, 137
vacuum-, 443
-tensor, 129, 391
-for a Robertson—Walker metric, 260, 287
-theory, linearised-, 151
electric
-field, 65, 370
-part of Weyl tensor, 65, 217
electromagnetic
-energy-momentum tensor, 158, 226
-field, 225
dual tensor of-, 157
energy density of-, 157
energy stream of-, 157
energy-momentum of-, 157
Lorentz-covariant description of-, 156
stress tensor of-, 157
-field tensor, 156, 158, 370, 457
-in Reissner—Nordstrém metric, 207
-wave, 225, 227, 500
electrovacuum metric, 374
ellipsoidal spacetime, 490—492
elliptic orbit, 2
embedding, 58, 60, 64, 80, 202, 207
-of Schwarzschild spacetime in flat Riemann
space, 187
energy
-conservation equation, 139
-density of fluid, 137
-flux, 241
-momentum tensor, 361
-of electromagnetic field, 158, 166
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-of perfect fluid, 137, 138
-of radiation, 240
electromagnetic-, 226
internal-, 220
enthalpy, 220
-density, 220
entropy, 220, 221
equation, see also under specific names, e.g.
Einstein equations
-of continuity, 139, 155, 220
-of geodesic deviation, 249
-of hydrostatic equilibrium, 194, 196
-of motion of charged particle, 207
-of state, 220, 221, 260, 400
barotropic-, 221, 260, 395, 400
equations of motion, 260
-of perfect fluid, 139
Euler-, 139
Newton’s-, 134
equivalence problem, 66
ergosphere, 486, 487
Ernst potential, 512
Euclidean
-geometry, 124
-metric, 99
-plane, 50, 397
-space, 31, 32, 45, 49, 50, 56, 60, 77, 78, 85
Euler
—Lagrange equations, 51
-of geodesic, 464, 465
-equations of motion, 139, 154
event horizon, 192, 193, 200, 206, 230, 231,
273-277, 306, 311, 312, 314-316, 338, 339,
357, 361, 387, 388, 477, 482, 486, 487
-in Kerr metric, 459-462, 464, 473
-in Schwarzschild metric, 192, 404, 429, 460
future-, 310, 312, 314
proper time to reach-, 193
evolution
-equations of Szekeres models, 409
-of hydrodynamical tensors, 216
expansion
-of Universe, 256, 266, 269, 270, 272
accelerating-, 269, 270, 272
-of null curves, 229, 230
-of ray bundle, 254
-pattern, 369
-scalar, 212, 215, 218, 241
-of null curves, 230, 232
-of ray bundle, 254, 276
-velocity of Universe, 257
isotropic-, 212
exterior
-derivative, 90, 93
-product, 92
extreme R—N metric, maximal extension of-, 206
extrinsic curvature, 60

Fermi
—Walker derivative, 248, 253
—Walker transport, 246-248
-coordinates, 125, 126

field

electric-, 65
magnetic-, 65
vector-, 67
final singularity, 274, 275
flat
-Riemann space, 49, 50, 53, 64, 84, 85, 127
-Universe, 256
-manifold, 4043
-metric, 64
-space, 50, 225
-spacetime, 230
asymptotically-, 133, 488-490
flatness problem, 277, 281
FLRW model, 257
see also Robertson—Walker model, 526
fluid, perfect-, 391
flux
-of energy, 241
-of radiation, 246
observed-, 240, 241
specific-, 246
focussing by curvature, 241
force, inertial-, 124
formation of structure in Universe, 297
fractal distribution of matter, 360
frame dragging, 154, 453
free motion, trajectory of-, 124
frequency shift, gravitational-, 504
Friedmann
-Lemaitre models, 224, 257
-Universe, flat-, 278
-equation, 260, 266, 402
-limit, 368, 402
-of L-T model, 292, 304, 324, 361
-of Szekeres metric, 417
-model, 260, 262, 263, 265, 269, 270, 274, 276,
277, 294, 296, 312, 324, 326, 328, 360-363,
365
-matching to Schwarzschild metric, 309
-recollapsing, 268
-with A =0, 262, 273
-with A, 266
instability of-, 296, 297
function, associated-, 18
future, 57, 58
-apparent horizon, 230, 306-308, 310-312, 314,
315, 317, 318, 338, 339, 356, 357, 365
-event horizon, 310, 312, 314
-infinity, 356
-light cone, 326
-null infinity, 338, 339
-trapped surface, 230

GATA mission, 350
Galileo Navigation System, 499, 506
gamma-ray bursts, 352
Gauss
—Codazzi equations, 63, 64, 147
-curvature, 51
-law, 152
general relativity, Newtonian limit of-, 127
generator
-basis, 94

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781009415620
www.cambridge.org

Cambridge University Press & Assessment
978-1-009-41562-0 — An Introduction to General Relativity and Cosmology
Jerzy Plebanski , Andrzej Krasinski

Index

More Information

Indezx 551

-of conformal symmetry, 81
-of group, 71, 99
-of invariance, 72, 76
-of rotation, 78
-of symmetry, 84, 86, 94, 104
-of transformation, 74, 77
-of translation, 99
generators
-of O(3), 77, 99
-of symmetries
finite basis of-, 82
geodesic
-completeness, 482
-coordinates, 193
-deviation, 42, 74, 243, 249, 335, 341
-equation, 43, 74, 243, 244, 249, 251, 252
-operator, 249
-vector, 249, 251
-equation, 32, 33, 52, 67
-equations in Kerr metric, 468
-line, 31-33, 42, 43, 47, 51, 52, 57, 67, 124
-motion of a perfect fluid, 139
-vector field, 235
null-, 57, 249, 305, 312, 314, 317, 318, 320, 321,
328, 339, 349
-arc, 57
-equation, 347, 349
-in Schwarzschild metric, 175
radial-, 305, 321, 341, 342
timelike-, 124, 125, 169
geodesically complete manifold, 482
geodesics
-in Kerr metric, 468
null-, convergence of-, 240
geoid, 503, 504
geometric optics, 224, 225
geometry
Euclidean-, 124
Riemann-, 123, 124
Gibbs identity, 220
Global Positioning System, 499, 500, 504, 506-509
globally naked
-shell focussing, 339
-singularity, 336
GLONASS = Global Navigation Satellite System,
499, 506
GNSS = Global Navigation Satellite System, 499
Goldberg—Sachs theorem, 235, 444, 477
Goode-Wainwright representation of Szekeres
metrics, 287, 429, 430, 433
graceful exit problem, 281
gravitation theory of Newton, 133
gravitational
-deflection of light rays, 177
-field, 2, 4, 5, 12, 42, 54
-of Earth, 502
homogeneous-, 123, 124
spherically symmetric-, 64
-force, 4, 5, 42
-frequency shift, 504
-interaction, 2
-lens, 178, 180
equation of-, 181

example of-, 182, 183
-mass
-defect, 373, 385
active-, 385, 410
-potential, 127, 503
-of Earth, 502
-radius, 191
-redshift, 507
Great Attractor, 330
group
-action, 99
-of mappings, 99
-of symmetries, 100
-orbit, 100
-parameter, 77, 86
Abelian-, 87
continuous-, of mappings, 69
isometry-, 99
multiply transitive action of-, 100
simply transitive action of-, 100
transitive action of-, 100

Haantjes transformation, 86, 87, 393
Hamilton
—Cayley equation, 113
-equations of geodesic, 464, 465
Hamiltonian for geodesic equations, 464-467
Hilbert’s
-axioms of gravitation theory, 130
-derivation of Einstein equations, 129
-variational principle, 132
history of Universe, 260
homoeoid, 492
homogeneity of Universe, 360
homogeneous
-gravitational field, 123, 124
-hypersurface, 102
-space, 100
spatially-, spacetime, 100, 103
horizon, 47, 273, 276, 336
-problem, 277-281, 341-343
absolute apparent-, 418-429, 521, 522
apparent-, 192, 193, 230, 231, 276, 305-312, 314,
318, 326, 327, 336, 338, 340, 357, 363, 365,
418, 419, 422-429
-in Friedmann models, 308
-in L-T model, 305
future-, 193, 230, 306-308, 310-312, 314, 315,
317, 318, 338, 339, 356, 357, 365
past-, 230, 277, 307-310, 312, 314, 315, 317,
318, 356, 357, 365
event-, 193, 230, 231, 273-277, 306, 311, 312,
314-316, 338, 339, 357, 361, 387, 388, 486,
487
-in Schwarzschild metric, 192, 404, 429
future-, 310, 312, 314
particle-, 273, 276
Schwarzschild-, 306
Hubble
-constant, 261, 360
-law, 258, 261, 265, 302, 360
-parameter, 258, 259, 263, 271, 272, 282, 304,
330, 355, 359
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hydrodynamical tensors, 216
hydrostatic equilibrium, equation of-,
hyperbolic symmetry, 367
hyperbolically symmetric

-metric, 367, 368

-spacetime, 367
hypersurface, 13

-of constant time, 214

-of simultaneous events, 214

homogeneous-, 102

null-, 99

spacelike-, 99

stationary limit-, 486, 487

timelike-, 99

ideal observations, 361

identity
-transformation, 75
Gibbs-, 220

image, conformal-, 67

indefinite signature, 85

inertial
-coordinates at infinity, 154
-force, 124
-frame
local-, 123, 124, 500, 502
infinite

-blueshift, 276
-redshift, 276, 452
-hypersurface, 193, 452

infinity

future null-, 338, 339

future-, 356

null-, 311

past-, 356
inflation, 280, 281, 284

inflationary models, 277, 278, 280, 281, 341
inheritance of symmetry, 84, 165, 361

initial singularity, 276
integrating factor, 220
intensity
-of radiation, 246
specific-, 246

interior Schwarzschild solution, 196, 197

internal energy, 220
International Space Station, 506
interval

null-, 56

spacelike-, 56

timelike-, 56
invariance

-group, 71, 83

-of tensors, 69, 73, 75

-transformation, 69, 71, 72, 74
invariant

-tensor field, 69

-vector field, 100-102, 106
ionisation temperature, 280, 283
isentropic motion, 221
isometry, 86

-group, 77, 82, 99

-of Riemann space, 69
isomorphic algebras, 94

Indezx

isomorphism of manifold subsets, 69
isotropic

-coordinates, 193

-expansion, 212

-metrics, 255

-spacetime, 103

194, 196

Jacobi
-identity, 44, 95
-matrix, 21, 250, 251
Jacobian, 16

Kaluza—Klein theory, 159-161
Kantowski—Sachs
-geometry, 385, 400
-metric, 104, 388, 409
vacuum-, 184
-symmetry, 80, 169, 385
Kerr
—Newman metric, 459
—Schild
-form of Schwarzschild metric, 494
-metric, 442, 444, 445, 448, 449, 477
-vector field, 444, 477, 485
-black hole, 485
-manifold, maximally extended, 462, 464, 482
-metric, 187, 442, 444, 449, 459-462, 477, 481,
484, 487, 490-493, 511
-derivation from separability of Klein—Gordon
equation, 454
-fourth first integral of geodesic equations, 465
-in Boyer—Lindquist coordinates, 451-453
generalisation of-, 459
inverse-, 477
maximal extension of-, 475, 476
singularities of-, 453, 454
-spacetime, 461-463
Killing
-equations, 69, 71-75, 77, 78, 85, 99, 102-104,
367
-field, conformal-, 81, 83, 86
-vector, 77, 78
conformal-, 81, 249, 340
-vector field, 71-74, 76, 80, 86, 87, 101-104, 159,
366, 367, 385, 447, 448, 450, 465, 487-489
-as geodesic deviation field, 74
-for Kerr metric, 465
-vector fields
algebra of-, 76
basis of-, 73, 74, 76-78
kinematical relativity, 266
Klein—Gordon equation, 454, 456
Kottler solution, 168, 361
Kronecker delta, 21, 26
multidimensional-, 21, 22, 24, 26, 44
Kruskal
—Szekeres
-coordinates, 187
-representation of Schwarzschild metric, 187
-throat, 317
-diagram, 186, 192, 199, 230, 357, 464, 478, 480

L-T, see Lemaitre—Tolman model
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lagging cores absolute-, 282, 347
-of Big Bang, 351, 352 total-, 241
-of expansion, 192
Lagrangian for geodesic equations, 466 Mach principle, 1-4, 145
Laplace magnetic
-equation, 492 -charge, 166, 370
dark star of-, 192 -field, 65, 370
last scattering, 278, 279, 324, 341 -monopole, 158, 166, 370
-hypersurface, 278 -part of Weyl tensor, 65, 217, 399
Lemaitre magnitude, apparent-, 282
—Novikov coordinates, 304, 330, 338, 339, 374, manifold, 13, 18
386, 390, 427 differentiable-, 12, 18, 20
—Tolman limit of Szekeres metrics, 406 map, geographic-, 52
—Tolman model, 194, 276, 277, 291, 292, 305, mapping, 12, 13, 18-20, 52, 69, 86
392, 397 -of Riemann spaces, 52
-in observational coordinates, 294 associated-, 18, 19, 69, 76
-matching to Friedmann metric, 330 conformal-, 53, 67
-matching to Schwarzschild metric, 330, 338, inverse-, 47, 52, 53
340 Mercator-, 67
apparent horizon in-, 305 mappings
mass density in-, 314 continuous group of-, 69
vacuum limit of-, 294 group of-, 99
-coordinates, 193 mass
lens, gravitational-, 180 -conservation equation, 261
equation of-, 181 -curvature coordinates, 378
example of-, 182, 183 -defect, 195
Lense—Thirring effect, 154 gravitational-, 373, 385
Levi-Civita symbol, 20-22, 24, 26, 54, 83, 95, relativistic-, 292, 369
108-111, 120 -density, 343
Lie -of charged dust, 373
-algebra, 76 mean-, 269
-derivative, 75, 77, 101 -dipole, 409, 416, 417, 423
-of general tensor field, 75 -moment, 151
-transport, 101, 246 active gravitational-, 291, 292, 369, 410
light effective-, 372, 377
-cone, 57-59, 278, 308, 360, 462 matching solutions of Einstein’s equations, 146
future-, 326, 462 Mattig formula, 264
past-, 278, 312, 347, 348, 359-361 maximal extension
-paths, repeatable-, 249 -of Kerr metric, 475, 476
-rays, drift of-, 349, 350 -of R—N metric, 197, 201, 202
limiting focussing condition, 340, 341 -of extreme R—N metric, 206
linear transformation of spinors, 108 Maxwell equations, 156, 158, 159, 166, 224, 225,
linearised 279, 458, 495
-Einstein theory, 151 -from Kaluza—Klein theory, 160
-theory of gravitation, 149 Lorentz covariance of-, 156
local variational principle for-, 158
-inertial frame, 123, 124, 500, 502 mean mass density, 269
-rotational symmetry, 401 Mercator mapping, 67
locally Mercury, orbital parameters of-, 174
-naked singularity, 336 metric, 13, 45, 47-49, 52-54, 56, 58, 65, 80
-nonrotating observer, 487, 489, 490 -form, 45, 49, 50, 60, 80, 86
Lorentz spherically symmetric-, 80
-force, 371 -tensor, 45-47, 49, 50, 52, 53, 58, 67, 69, 72-74,
-transformation, 85, 86, 89 78, 81, 89, 110
Lorentzian limit of-, 84
-coordinates, 154 3-dimensional-, 54
-metric, 46 conformally flat-, 54, 56
-signature, 65 degenerate-, 46, 47
lowering the index, 47 Euclidean-, 52, 99
luminosity flat-, 64
-distance, 246, 272, 347 induced-, 49
-redshift relation, 272 Minkowski-, 56, 87
corrected-, 245 positive-definite-, 46, 47
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spherically symmetric-, 80, 103 -density of particles, 219
Milne—McCrea equation, 266
minimal equation, 65, 114 observation time vector, 251
Minkowski observational cosmology programme, 294
-metric, 56, 87, 109, 500, 501 observer
-spacetime, 57, 86, 87, 109, 116 -area distance, 242, 246, 263, 347
moment, quadrupole-, -of Earth, 499, 503, 504 comoving-, 276, 501
momenta, 464, 466 locally nonrotating-, 487, 489, 490
momentum stationary-, 453
angular-, 450, 470, 487 open Universe, 256
orbital angular-, 470 operator of geodesic deviation, 249
motion, free-, trajectory of-, 124 optical
-observations, 257
naked -scalars, equations of propagation, 233
-shell crossing, 338, 339 -tensors, 228
-shell focussing, globally-, 339 optics, geometric-, 224, 225
-singularity, 336, 338, 341, 469 orbit
globally-, 336 -of Mercury, parameters of-, 174
locally-, 336 -of family of mappings, 99
strength of-, 340 dimension of-, 99
neck, 306, 307, 314, 317, 318, 356-358, 373, 521, -of group, 99, 100
see also wormhole null-, 99
Newman—Penrose formalism, 232 spacelike-, 100
Newton’s -of planet, 2, 3, 169
-equations of motion, 134 -of point, 70-72, 100
-gravitation theory, 133, 154 -of symmetry group, 221, 304
Newtonian -parameter, 172
-cosmology, 264 direct-, 171, 470, 471
-limit elliptic-, 2
-of Einstein equations, 133, 136 group-, 75, 80
-of general relativity, 127 parameter on-, 75
nonrotating observer, locally-, 487, 489, 490 planetary, influence of cosmic expansion on-, 303
Nordstrom solution, see Reissner—Nordstrom retrograde-, 171, 470, 471, 476, 486
solution orbital angular momentum, 470
normal orbits of O(3), 77, 80
-curvature, 51 origin in Szekeres spacetimes, 409
-section, 51 orthogonal
Novikov coordinates, 193 -transformations, 89
null -transitivity, 487, 488
-Raychaudhuri equation, 240 orthonormal
-congruence, 241 -basis of vector fields, 67, 68
-curve, 57, 59, 228 -tetrad, 92, 93
-geodesic, 57, 200, 227, 249, 273, 305, 312, 314,
317, 318, 320, 321, 328, 339, 349 Palatini variational principle, 133
-arc, 57 parallax free cosmological model, 249
-equation, 347, 349 parallel transport, 10, 11, 31-34, 36, 37, 40-42, 45,
-in Schwarzschild metric, 175 46, 101, 125, 247
future-directed-, 200 -along a closed curve, 32, 40
radial-, 200, 305, 321, 341, 342 propagator of-, 36-38, 41, 42
-geodesics parameter
bundle of-, 241, 276 -of orbit, 172
convergence of-, 240 affine-, 57, 363
-hypersurface, 99 density-, 330
-infinity, 200, 311, 312 group-, 77
future-, 338, 339 parametrisation, affine-, 321, 363
-interval, 56 Parametrised Post-Newtonian formalism, 136, 145
-orbit of a group, 99 partial derivative, 91
-relation, 57 particle horizon, 273, 276
-tetrad, 92 Pascal law, 138
-vector, 57, 226, 228 past, 57
spinor image of-, 111 -apparent horizon, 230, 277, 307-310, 312, 314,
number 315, 317, 318, 356, 357, 365
-counts, 246 -infinity, 356
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-light cone, 278, 312, 347, 348, 359-361
-trapped surface, 230, 277
Pauli matrices, 109, 110, 116
Penrose
-diagram, 200, 388
-method of Petrov classification, 115
-process, 485
-transformation, 199, 200, 312
perfect
-differential, 31, 220
-fluid, 137, 217-219, 221, 391, 401
energy-momentum tensor of-, 137, 138
equations of motion of-, 139
geodesic motion of-, 139
single-component-, 221, 400
perihelion shift
-of Mercury, 174
-of other planets, 174
Petrov
-classification, 65, 66, 108, 116
-by Debever method, 115
-by Ehlers—-Kundt method, 115
-by Penrose method, 115
-vs. Penrose’s classes, 114
spinor representation of-, 111, 113
-type, 66, 68, 112, 116, 235, 399, 444
phenomenological thermodynamics, 220
photon orbit in Kerr metric, 472
Planck constant, 283
plane
-symmetric
-metric, 286, 367, 368
-spacetime, 366, 368
-symmetry, 286, 367
Euclidean-, 397
planetary orbits, influence of cosmic expansion on-,
303
Poisson
-bracket, 465, 466
-equation, 127, 129, 136
modified-, 140
solution of-, 141
position drift, 248, 249, 253
post-Newtonian approximation, 151
potential
centrifugal-, 503
effective-, 503
Ernst-, 512
gravitational-, 503
-of Earth, 502
PPN formalism, see Parametrised Post-Newtonian
formalism
precession of gyroscope axis, 154
principal
-normal to a curve, 246, 247
-spinor of the Weyl tensor, 112
problem
cosmological constant-, 281
flatness-, 277, 281
graceful exit-, 281
horizon-, 277-281
projection, stereographic-, 397, 399, 420
projective plane, 413

propagation
-equation
-of shear, 217
-of vorticity, 217
-equations of optical scalars, 233
propagator
-of parallel transport, 36, 38, 41, 42
-along a closed curve, 37
elementary-, 37
pseudo-Riemannian manifold, 46
pullback, 18, 19, 52, 53
pushforward, 19

quadratic form, 46
quadrupole moment of Earth, 499, 503, 504
quasi
-hyperbolic Szekeres metric, 406
-plane Szekeres metric, 406, 413
-spherical Szekeres metric, 404—406

R-W metric, see Robertson—Walker metric
R-region, 164, 360, 361
radial null geodesic, 305, 321, 341, 342
radiation
-conservation equation, 240
-dominated Universe, 279
-intensity, 246
energy-momentum tensor of-, 240
flux of-, 240, 241, 246
radius, areal-, 290, 415
raising the index, 47
Raychaudhuri equation, 216-218, 233, 433
null-, 240, 446
reciprocity theorem, 246
recombination, 278
redshift, 226, 227, 240, 241, 246, 254, 263, 272,
282, 320, 321, 324, 358, 359
-distance relation, 258, 263, 271
-drift, 253, 272
-in R—-W universe, 257
-space, 358, 359
gravitational-, 507
infinite-, 276, 324, 325, 452
-hypersurface, 193, 452
reflection (of coordinates), 171
refocussing, 241
-in Friedmann models, 264
regularity conditions at centre, 295, 380
Reissner—Nordstrom
-horizon, 377
-manifold, 387
-metric, 166, 168, 187, 197, 361, 374, 375, 377,
386, 388, 390, 459, 470, 476, 482, 485
electromagnetic tensor in-, 207
extension of-, 201, 202
motion of particles in-, 205
throat in-, 203
relativistic
-mass defect, 292, 369
-thermodynamics, 219
relativity, special-, 56, 86
repeatable light paths, 249
retrograde orbit, 171, 470, 471, 476, 486
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Ricci
-formula, 35, 60, 73, 81, 82, 93, 233
-identities, 216
-rotation coefficients, 90, 91, 231, 232, 236
-tensor, 54, 92, 128, 129
-for spherically symmetric metric, 167
eigenvalues of-, 400, 401
five-dimensional-, 160
Riemann
-curvature, 51
-geometry, 50, 123, 124
-manifold, 73

_space, 45-48, 51-54, 58, 60, 64, 69, 72, 78, 80,

81, 83-87, 92, 124

conformally flat-, 53, 54, 64
conformally related-, 53, 54, 67, 81
flat-, 49, 50, 53, 64, 74, 84, 85, 127
signature of-, 127
spherically symmetric-, 77
subspace of-, 49
symmetry of-, 69

-surface, 462

-tensor, 48, 50, 54, 60, 62, 73, 74, 83, 85, 91, 93,

232, 314, 444

-of Kerr metric, 453

-of Szekeres metric, 410

linearised-, 149

scalar polynomial invariants of-, 410

symmetries of-, 243

Robertson-Walker

-geometry, 256, 261, 400
-limit of Szafron metric, 399, 400
-limit of Szekeres metric, 397

“metric, 105, 192, 218, 220, 221, 224, 255-258,

260, 264, 265, 271-274, 276278, 280,
284-287, 294, 302, 324, 355, 395, 400
-invariant definition of, 285, 288
flat-, 286
perturbations of-, 344
Rosen bi-metric theory, 146
rotating coordinates, 154
rotation, 13, 24, 366, 367
-of null curves, 229, 230
-of null vector field, 225
-of ray bundle, 254
-of vector field, 289
-scalar, 212, 216, 232
-tensor, 212, 215, 216
tetrad components of-, 232
-vector, 216, 217
Ricci-, -coefficients, 90, 91, 231, 232, 236
rotational symmetry, local-, 401
Ruban metric, 373, 383-389
charged-, 386, 389

Sagnac effect, 500, 502
scalar, 14, 15, 22, 23, 26, 27
-curvature, 92, 99
five-dimensional-, 160
-density, 16, 27, 34, 35, 37, 40
-field, 27, 28, 34, 37, 280

scale factor, 218, 255, 268
Schwarzschild
-Droste solution, 168
-event horizon, 404, 429
-horizon, 306, 309
-limit of L—T model, 306
-metric, 110, 166, 168, 182, 187, 188, 192, 193,

195, 231, 277, 294, 309, 317, 330, 338, 339,

357, 361, 386, 390, 452-454, 460, 493
-as vacuum limit of L—T, 330
-embedding in 6 dimensions, 189
-in Novikov coordinates, 193, 194
-matched to Szekeres metric, 427
-matching to Friedmann metric, 303
-matching to L-T, 338, 340
embedding of-, 188
generalisations of-, 193
incompleteness of-, 187
interior-, 196, 197
material source for-, 196
maximally extended-, 186, 189
null geodesics in-, 175
spurious singularity of-, 169, 182, 183, 194
throat in-, 203
-singularity, 339
screen space, 250, 253

second fundamental form, 60, 61, 64, 67, 375, 386

section, normal-, 51
self-dual spin-tensor, 111
self-similar
-L-T model, 340
-spacetime, 100, 340
shear, 213, 241, 417
-in Szafron metric, 400
-of null curves, 229, 230
-of ray bundle, 254
-propagation equation, 217
-scalar, 213, 216
-tensor, 213, 215
eigenvalues of-, 401
tetrad components of-, 231
shearfree vector field, 235
shearing motion, 213
shell crossing, 292, 299, 300, 306, 307, 314,
316-320, 332, 334-343, 353, 355, 357, 359,
363-365, 377, 378, 383, 386-389, 402, 403,
406, 409, 412, 413, 415, 433
-in charged dust, 381, 382
avoiding of-, in Szekeres models, 414
naked-, 338, 339
pancake type-, 433
shell focussing, 331, 332, 340, 341
globally naked-, 339
SI = Systéme International, 500, 502
time unit in-, 503
signature, 46, 47, 56, 65, 92
-of Riemann space, 127
indefinite-, 85
Lorentzian-, 65
simultaneous events, hypersurface of-, 214
single-component perfect fluid, 400

-of Kaluza—Klein, 160
-polynomial invariants of Riemann tensor, 410

singularity, 218, 219, 230, 269, 276, 277, 310, 314,
331, 332, 336, 338, 340
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-of Kerr metric, 453, 454

-of Schwarzschild metric
spurious-, 169, 182, 183

-theorems, 218, 219

coordinate-, 317

cosmological-, 262

final-, 274, 275

genuine-, 183, 185

globally naked-, 336

initial-, 276

locally naked-, 336

naked-, 336, 338, 341, 469
strength of-, 340

permanent timelike-, 351

spurious-, 183, 193, 452

true-, 183

weak-, 316

source area distance, 241, 277, 282, 290

space
-coordinate, 57

-of constant curvature, 85, 87, 256

Euclidean-, 60
Riemann-, 52-54, 58, 60
conformally flat-, 54

conformally related-, 53, 54

tangent-, 12, 27, 53
Space Shuttle, 506
spacelike

-curve, 57

-hypersurface, 99

-interval, 56

-orbit of a group, 100

-relation, 57

-vector, 57
spacetime, 56, 57

-of Bianchi type, 100, 102-104

acausal-, 202

asymptotically flat-, 488-490
axisymmetric-, 487
ellipsoidal-, 490-492
isotropic-, 103

Minkowski-, 57, 86, 87

spatially homogeneous-, 94, 100, 103, 132, 141,

194, 255, 385
static-, 487
stationary-, 487, 488

stationary—axisymmetric-, 487, 488, 490, 491
spatial distribution of matter, 358

spatially flat Universe, 269
special relativity, 57, 86
specific
-flux, 246
-intensity, 246
spherical
-coordinates, 78, 87
generalised-, 78
-symmetry, 367
spherically symmetric
-Riemann space, 77
-gravitational field, 64
-inhomogeneous models, 289
-metric, 80, 103, 360, 367
spin-tensor, 110, 111, 117

Indezx

self-dual-, 111
spinor, 108, 109

-density, 109

-image
—of Weyl tensor, 111, 115, 116
-of null vector, 111
-of tensor, 109, 115, 120

-index, 109, 116

557

-representation of Petrov classification, 111, 113

antilinear transformation of-, 108
covariant-, 108
Debever-, 112-116
linear transformation of-, 108
principal-, of Weyl tensor, 112
spurious singularity, 193, 200
-of Kerr metric, 452
-of Reissner—Nordstréom metric, 205
-of Schwarzschild metric, 169, 452
standard candle, 282
state, equation of-, 220
barotropic-, 221
static spacetime, 487
stationary

—axisymmetric spacetime, 487, 488, 490, 491, 512

-limit hypersurface, 453, 459-462, 486, 487

-observer, 453
-spacetime, 487, 488
Stephani universe, 221, 285
stereographic projection, 397, 399, 420
stiff fluid, 351
stress tensor, 138
structure
-constants, 76, 86, 87, 94, 95, 106
-formation in the Universe, 297
Sun, gravitational field of-, 169
supernovae, 270, 282, 347, 349
surface
-area propagation equation, 240
-forming vector fields, 76, 77, 487
closed trapped-, 230
future-trapped-, 230
past-trapped-, 230, 277
trapped-, 230

Sylvester theorem on inertia of forms, 46

symmetric
-part of tensor, 17, 95
-spinor, 17
-tensor, 17, 65, 67
symmetrisation, 17
symmetry, 84, 90
G3/S2-, 401
-generator, 84, 94, 104
-group, 74, 76, 83-85, 100, 221
dimension of-, 84
-inheritance, 84, 165, 361
-of Riemann space, 69, 72
-of manifold, 73
-transformation, 69
axial-, 487, 488
conformal-, 81, 82, 87, 393
hyperbolic-, 367
Kantowski—Sachs-, 80
local rotational-, 401
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plane-, 367 -curve, 57
spherical-, 367 closed-, 453
synchronous coordinates, 289 -geodesic, 124, 125, 169
Szafron metric, 221, 400 -hypersurface, 99
invariant definition of-, 401 -interval, 56
shear in-, 400 -relation, 57
Weyl tensor of-, 399 -vector, 57, 65
Szekeres -field, 66, 289
—Szafron coordinates, 399 toroidal topology, 369
-interpretation of, 397 torsion, 28, 30, 46
—Szafron metric, 391, 401 torsion-free manifold, 34, 41-43, 48
invariant definitions of-, 401 torus, 50, 369
-metric, 402, 406 trace, 15, 16, 54
-in Goode—Wainwright representation, 429, trajectory of free motion, 124
430, 433 transformation
-matched to Schwarzschild metric, 427 acceleration-, 86
class II-, as limit of class I, 404 coordinate-, 69
evolution equations of-, 409 symmetry-, 69
Goode—Wainwright representation of-, 287 transitive
invariant definitions of-, 401 -action of group, 100
origin in-, 409 multiply-, action of group, 100
quasi-hyperbolic-, 406 simply-, -action of group, 100
quasi-plane-, 406, 413 transport
quasi-spherical-, 404—406 Fermi—Walker-, 246—248
Riemann tensor of-, 410 parallel-, 125, 247
transverse Doppler effect, 504, 507
T-region, 164, 360, 361, 384 trapped surface, 230
tangent closed-, 230, 305
-space, 12, 13, 27, 53 future-, 230
basis in-, 125 past-, 230, 277
-vector, 32, 33, 57 true anomaly, 505
temperature turning point
-contrast, 328, 330 -in Kerr spacetime, 486
-of fluid, 220 -in R—-N spacetime, 208
tensor, see also under specific names, e.g. Weyl type
tensor Bianchi-, 94, 96-99, 103
-density, 16 Petrov-, 66, 68, 116
-field, invariance of-, 69
-product, 17, 26, 35-37, 75 Universe
associated mapping of-, 19 closed-, 256
differentiation of-, 24 flat-, 256
parallel transport of-, 32, 36 open-, 256
test field, 225
tetrad variational principle
-image, 91 -of Hilbert, 132
-metric, 89 -of Palatini, 133
-of vector fields, 89 vector, 13
double-null-, 92, 231, 232 -field, 13, 19, 59, 67
null-, 92 -timelike, 66
orthonormal-, 92, 93 differentiable-, 70
theorem, see under specific names, e.g. the tangent-, 43
reciprocity theorem timelike-, 289
thermodynamical scheme, 220, 221, 400 -fields, surface-forming-, 76, 77
existence of-, 221 -space, 12, 13, 15, 19
thermodynamics, 220, 221 contravariant-, 13-15, 18, 24, 27, 35, 37, 40, 47
phenomenological-, 220 covariant-, 13—15, 19, 30, 34, 37, 40, 47, 55
relativistic-, 219 geodesic deviation-, 249
time null-, 57
-coordinate, 57 observation time-, 251
-dilation, 504 spacelike-, 57
-unit in SI, 503 tangent-, 12-14, 32, 33, 57
hypersurface of constant-, 214 timelike-, 57, 65
timelike Virgo cluster, 330
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void, 296, 297, 349, 350, 438 -tensor, 54, 56, 65-67, 111, 112, 120, 129, 218,

-evolution, 297 232, 444

-formation, 297 -of Kerr metric, 453

-models of acceleration, 349 -of Szafron metric, 399, 401
vorticity propagation equation, 217 algebraic type of-, 65

algebraically special-, 233, 235

wave vector, 226 electric part of-, 65, 217
weak singularity, 316 magnetic part of-, 65, 217, 399
weak-field approximation, 148, 149, 449 principal spinor of-, 112
weight of tensor density, 16, 20-22, 24, 26, 27, 34 spinor image of-, 111, 115
Weyl white hole, 191, 192

-spinor, 112 wormbhole, 307, 317, 415
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