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aterm’s definition. GR = General Relativity, SR = Special Relativity.

Abelian, 5
aberration of light, 32
Abraham, Max, 82
Abraham-Lorentz—Dirac eq., 84
absorber, Feynman—Wheeler, 76, 83
acausal
preacceleration, 88
propagation, 71
acceleration
as boost, 17n17
Cavendish experiment, 10
electron, 87
energy conservation, 89
field, 79, see also radiation field
hyperbolic motion, 26, 90
particle
recovery of Newton’s law, 151-153
tensorial, 134
proper, 25, 34,43, 45, 192n17
tidal stress, 198
twin paradox, 25
uniform, 21, 25, see also proper acceleration
equivalence principle, 92, 98-99
accelerometer, 192
action
conservation laws, 52-55
emphasized by Coleman, ixnl
Euler—Lagrange equations, 52
Feynman—Wheeler electrodynamics, 83
general relativity, 227
alternative, Lorentz-invariant, 231
alternative, scalar field, 232
gravitational field, 144
group elements, 38
matter as gravity source, 147
nonuniqueness, 49

234

particle mechanics, 48
stress tensor, 61-62
point charge in field, 68-70
relativistic field, 51
relativistic form, 123
relativistic mechanics, 49
weak, 141
action principle
Einstein’s equations, 144—147
special relativistic fields, 133
action at a distance, 83
active transformation, 11-12
Adler, Ronald, x
affine
group, 8
space, 100, 115
parallel transport in, 224
affine connection, 115, see also Christoffel symbol
antisymmetric violates equivalence
principle, 117
coordinate transformation, 117, 125, 224
determination for exterior Schwarzschild
solution, 167-168
elevator coordinates, 224
Euclidean, polar coordinates, 117
parallel transport, 116
symmetric, 117, 121
weak field, 141
alias, 11, 101, see also passive transformation
preferred by Einstein, 12
alibi, 11, 101, see also active transformation
Alice and Bob, 21, 25
angular
deflection
bending of light, 178
displacement
Mercury perihelion, 174
frequency, 42
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angular momentum, 154 cake, baking by match, 44
conservation, 48 candle, standard, 209
conserved, 60 canonical stress tensor, 57, 60, see also stress
density, 58 tensor, canonical,
intrinsic (spin), 58 free Maxwell field, 66
Mercury perihelion, 172 Klein—Gordon field, 148
relativistic, 47, 61 not symmetric, 58
conserved, 48 symmetric for KG and Maxwell fields, 149
antisymmetric tensor carrier space, 38
angular momentum, 47 Carroll, Sean M., 222
any t. splits into symmetric t. and, 37 Cartan, Elie, 206
canonical stress tensor, 58—62 classic problem of, 206207
conserved, 47 Cartesian coordinates, 103, 106, 117, 121, 134
exterior derivative, 107-109 Euclidean 4-space, 186
FHY 63 nothing fishy in, 187
Fﬁv — l"\);w 117 overlapping grids, 100
group representations, 37-38 Cauchy’s integral formula, 72
infinitesimal Lorentz transformation, 56 causality near a singularity, 195
integration on manifold, 113-115 Cavendish experiment, 10
Levi-Civita symbol, 109 centrifugal force
Lorentz trans. do not mix symmetric and effective, Edtvos experiment, 96
antisymmetric parts, 37, 39 charge
RM 121,124 action, 68-70
scalars and vectors, 107 analogous to mass, 132
Stokes’s theorem in terms of, 107—-109 classical electron theory, 68n10
surface integral in terms of, 106 classical radius, 90
tensor densities, 109113 conservation, 39, 54
antitwist, 232 continuity equation, 66
aphelion, 173 current on or off, 75n14
appearance, relativistic cube, 29-31 must be local, 55
arc length, 20, see also length Coulomb potential, 78
asymptotic conservation laws, 4048 electromagnetic field, 78-79
asymptotic field energy conservation in particle motion, 89
electromagnetic, 80 hyperbolic motion, 90-92
gravitational, 201, see also Minkowski, space, radiation with no reaction force, 92
asymptotic Liénard—Wiechert potential, 78
axis, precession of gyroscope’s, 136 Lorentz force, 70
Minkowski force, 70n11
bare mass, 68, 82, 89, 90 nonrelativistic motion with radiation damping,
Barish, Barry C., 221 84-88
Bazin, Maurice, x radiation from, 7680
Bekenstein, Jacob David, 222 relativistic Kepler problem, 230
Belinfante, Frederik J., 58126 relativistic motion, massive, 82
Bianchi identities, 127, 162, 226 Larmor formula, 89
Birkhoff, Garrett, 10 self-force, 82
black hole, 195120, 220 chemical potential, 185
Boas, Mary L., 31120 Christoffel symbol Fﬁu, 123, 224, see also affine
Bondi-Gold cosmological model, 210 connection
boost, 17-20 as gravitational “force”, 134
boundary conditions coordinate transformation, 117, 125, 224
Green'’s function, electromagnetic wave in terms of metric tensor, 124
equation, 70, 74, 76, 87 Robertson—Walker metric, 212
Schwarzschild solution, 169 table, Schwarzschild metric, 167
twists and antitwists, 232 vanishes in elevator frame, 137
bounded orbits in Kepler problem, 230 Christoffel symbol 'y, ), 123
bulldozer method, 91 table, Schwarzschild metric, 167
Burnell, Dame Jocelyn Bell, 220 circumference, Schwarzschild spacetime, 16916
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classic test of GR
deflection of light near sun, 170, 176-179
gravitational redshift, 170, 179-180
Mercury’s perihelion shift, 170176
recovery of Newton’s law, 153, 170
tests Schwarzschild metric, 180-184
classical electron theory
runaway as embarrassment, 85
classical physics, 3
combined dilations and Lorentz
transformations, 20
geometric symmetries, 6—11
clock
Doppler shift, 27
gravitational time dilation, 97
Lorentz contraction, 22
near Schwarzschild radius, 192
proper time, 21
relativistic Doppler shift, 43
synchronization, 21
time dilation, 21
paradox, 23
twin paradox, 25
COBE, 221
Coleman, Sidney R., ix, 68n10
no kinematic conservation laws in mechanics
from discrete symmetries, 48
Coleman/standard terminology
acceleration/boost, 17
dilatations/dilations, 5
elevator frame/locally inertial frame, 99
induction field/generalized Coulomb field, 79
Lorentz/Lorenz, 65n6
parallel displacement/parallel transport, 115
comoving coordinates
applied to galaxy, 205
inertial frame, 25
Robertson—Walker metric, 208
conformal transformation
generators, 131
Maxwell Lagrangian invariant, 198
connection, 115, see also affine connection
conservation
global
energy, in planetary orbits, 172
energy—momentum, in GR, 201-203
in general relativity, 200
in special relativity, 200
law, kinematic, 39, 48
local energy—momentum
Friedman universe, 211
GR, 227
requires V, THV =0, 162
continuity equation, 8, J#* =0
in electrodynamics, 202
in general relativity, 200
locally conserved charge, 55, 66

Index

contraction
lengths, 22, see also Lorentz—Fitzgerald
contraction
tensor indices, 36
invariant operation, 104
contravariant vector, 103
convolution integral, 81
coordinate transformation, 5
action, 61
Christoffel symbol (2nd kind), 117, 125
conformal group, 131
contravariant vector, 102
covariant derivative, 119
covariant vector, 103
gauge choice, 151
gauge transformation, 156
infinitesimal, 140
Kruskal-Szekeres coordinates, 193
light speed, 9
matrix, 102
pseudotensor #Y not a tensor, 201
scalar field, 5
tensor, 104
tensor density, 110, 223
vector field, 34
coordinates
active vs. passive transformation of, 11
Cartesian, 100, see also Cartesian coordinates
comoving, 25, see also comoving coordinates
elevator, 121, see also elevator coordinates
embedding, 195
generalized, 48
geometric transformation as change of, 5
isotropic, 208
Kruskal-Szekeres, 193, see also
Kruskal-Szekeres coordinates
locally geodesic, 121, 125, 202, 203, 224
Minkowski, 202, see also Minkowski
coordinates
not vectors under coordinate transformations,
102n2
patches on manifolds, 100
rotations and boosts, 17
singularities, 208, 215, 216
cosmic background radiation, 221
cosmic redshift, 209, see also Hubble’s law
cosmological
constant A, 143, 214
models
Robertson—Walker metric, 210
principle, 204, 206
Coulomb potential, 78
“covariant” meanings, various, 132n1
covariant
integration, 225
by parts, 225
path derivative, 225
covariant derivative
contravariant vector, 119
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covariant vector, 120 metric tensor, g, 122
does not commute with another, 120 of general coordinate trans., 160
elevator frame, V — 9, 137 proof of Stokes’s theorem, 109
metric tensor, V; g, = 0, 225 DeWitt, Bryce S., 222
obeys product rule, 120 Dicke, Robert H., 97
tensor, 120 dilation, 10
tensor density, 120, 161, 224 combined with Lorentz transformations, 19
covariant vector, 103 universe invariance, 10
cube, appearance of, 29, see also appearance of dipole radiation
relativistic cube electromagnetic, 159
curl, 64 gravitational not allowed, 159
4-dimensional analog, 130 Dirac, Paul A. M., 82n23, 86126
exterior derivative, 108, 11519 discrete symmetry
current, 54 no kinematic conservation law, 48n15
conserved scalar, 200 distance
density, 66 determined by metric tensor, 104
divergence of, 55 extremized by geodesics, 134
electromagnetic, 65, 66, 69, 77 horizon, in Friedman universes, 217
internal symmetry, 55 metric spaces, 100
curvature on a manifold, 121
light beam in freely falling elevator, 99 distance—velocity relation, 209, see also Hubble’s
measured by Riemann tensor, 121 law
parallel transport around a loop, 127-129 distribution
produced by matter and energy, 132 as generalized function, 73
scalar R, 126, 144, 191, 212, 226, Lorentz invariant, 33
see also Ricci scalar mass, 175
zeroif and only if R" , =0, 131 matter, 204
cycloid, 218 particles, Lorentz invariant, 33
cylinder velocities, 32
intrinsically flat, 129 divergence
its isometries, 163 added to stress tensor, 58
not simply connected, 108 conserved quantity, 200
covariant of a tensor density, 146
d’Alembertian, 65 current, 55
dark energy, 221 electron mass renormalization, 80
dark matter, 221 Lorenz gauge, 65
de Broglie formula, 42, 156 stress tensor, 62, 67
de Sitter tensor density, 113
space theorems of Gauss, Stokes, 114
locally Poincaré invariant, 142 Doeleman, Sheperd S., 221
universe Doppler shift, 27, 43
collapse of, 214, 216 blurs gravitational redshift, 180
deflection of light near sun, 170, 176-179 relativistic, 44
delta function, 33, 72, 73, 77, 80, 87 downness, 9
density dual space, 103
energy, 184, 187, 191, 216, 217 dual tensors, 112, 113
galaxies, 33, 204 integration on manifolds, 113
mass, 187 tensor densities, 115, 118
Derbes, David, x dynamics, general relativistic
derivative Lagrangian, 227
conserved quantity, 200, 201 non-Lagrangian, 228
covariant, 119, see also covariant derivative
exterior, 107, see also exterior derivative €;jk-» Levi-Civita symbol, 64n2
via affine connection, 116 Eddington’s eclipse measurement, 179, 182
determinant effective mass, 69
identity, 145 eigenstate, 5
Jacobian, 107, see also Jacobian eigenvalue, 122n21, 156, 158
Levi-Civita symbol, €4V 114 Einstein tensor G*V, 143
Lorentz group structure, 13 divergence V, G*V = 0, 226
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Einstein tensor G*V (cont.)
electromagnetic field, 143
pseudotensor 14V, 202
Robertson—Walker metric, 211

Einstein’s equation, 227
action principle for, 144-147
Bianchi identities, 162n2
cosmological constant, A, 214
Einstein—Lemaitre solution, 215
empty space, 142
gravitational analog to Maxwell’s equations,

132, 138

in presence of matter, 144
isometries, 162
Lagrangian, 153
linearized, 150

similar to Maxwell’s equations, 151
Newton’s law from, 151-153
pseudotensor, t*V, 201-203
Robertson—Walker metric, 210
Schwarzschild solution

exterior, 162—170

interior, 185-190
stationary solution, 164
stress tensor, TV, 147
universe collapses if e = —1, 217

Einstein, Albert, ix
bases of general relativity, 99
equivalence principle, 98

not coincidental, 95
Lorentz invariance, 11n14
preferred alias to alibi, 12
summation convention, 8
tests proposed by, 170

elastic collision, 42, 44

elastic modulus, 38

elasticity, 38

electric charge, 69, 132

electric field, 64

electrodynamics, 63, 6719, 76, 77,

see also Maxwell’s equations
Feynman—Wheeler, 76
Lagrangian, source-free, 148
logically similar to GR, 132
Lorenz gauge, 151
Poisson’s equation, 152
quantum, 80
reduced to a wave equation, 75
runaway

classical limit, 86

mode in QED, 88
source fields, 75
time asymmetry, 76

electromagnetic field tensor F*V, 63
continuity equation, 202
field equations, 154

no source, 63

sourced, 66

Index

gauge invariance, 65, 154
Lagrangian, 148
gravity, 227
Maxwell’s equations, no source, 133
electromagnetism
stress tensor, 70
unlike gravity, 98
electron, 10
classical radius, 90
classical theory of, 68
equation of motion, 82
mass renormalization, 80
radiates into future, 76
scattering, 88
elevator

coordinates, 9917, 121, 128, 137, 138, 179, 201,

224
locally geodesic, 121
equivalence principle, 98
elliptical orbit, 4
bounded in Kepler problem, 230
precession, 175
Ellis, George F. R., 222
embedding space, 100, 121, 196, 206
embedding theorem, 195
energy
analysis of perihelion shift, 172
burning match, 44
center of, 48
conservation, 44
charged particle, 89
cosmological constant, A, 214-215
couples to Einstein’s gravity, 97
density, 58, 62, 66, 187, 191
fluid, 228
internal Schwarzschild, 185
universe collapse, 217
electrostatic, 90
field, 67, 68, 80
Friedman universe, 211, 213-214
gravitational
field, 159
global, 203
Newtonian, 180
potential, Newtonian, 182
relativistic, global, 201-203
kinetic
angular, 172, 182
asymptotic, 46n14
charges, runaway, 89
nonrelativistic, 41
radial, 172, 182
Lagrangian, 49
levels, 5
luminosity, 210
mass due to electrostatic, 90
negative, high deg. derivatives, 52
photon, 42, 181
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planet, relativistic, 183
potential, 45, see also potential energy
produces curvature, 132
radiation, 92
relativistic, 41, 47
runaway mode, 85
twist and antitwist, 232
energy—momentum tensor, 227, 228, 231,
see also stress tensor
Eo6tvos, Lorand von, 96
experiment, 96, 97, 181
€rpvps 224, see also Levi-Civita symbol
equations of motion, 4, 5, 49, 55, 63, 65, 88, 91,
138, 224, 228
weak gravitational field, 229
equator, Schwarzschild surface, 195
equilibrium, hydrostatic, 188
equivalence of mass mg and mj, 95
Eotvos experiment, 96
Newton experiment, 9612
equivalence principle, 92, 95, 224
as basis for GR, 99
coordinates, 121
elevator, 98
extended by Einstein, 98
free fall, 117
gravitational redshift, 181
gyroscope, 228
light beam, 99
non-Lagrangian dynamics, 228
pseudotensor 14V, 201
scalar field gravity, 233
Schwarzschild metric, 184
source of gravity, 143
strong form, 99
symmetry of Fﬁv, 117
very weak form, 99
weak form, 99
Euclidean manifold, 115, 163
embedding theorem, 195
Euclidean space, 117, 121
2 dimensions, Fj. X in polar coordinates, 117
3 dimensions, 127, 131, 166
hypersurface embedded in, 195
integration, 134
4 dimensions, 186
€ = 0 Friedman universe, 207
metric on embedded hypersphere, 187
n dimensions, 131
contravariant, covariant the same, 3512
I"’s zero with Cartesian coordinates, 121
geodesics typically minimal in, 13574
locally, Robertson—Walker metric in, 211
Euler angles, 13
Euler—Lagrange equation, 49, 52, 53, 55
event horizon, 195120
event in spacetime, 3

Index
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expansion of the universe
Einstein—Lemaitre model, 215
Friedman model, 213, 216

experimental test, 170, see also classic test of GR

exponential growth, runaway, 85, 86

exterior calculus, 104-115

exterior derivative, 107
antisymmetric tensor, dual, 113
FHY 148
vector, 225

exterior solution, Schwarzschild, 166,

see also Schwarzschild metric

maximal extension, 193

extremum, Hamilton’s principle, 48

F1V 133, see also electromagnetic field tensor
Faddeev, Ludvig Dmitriyevich, 222
faster than light, 32, see also tachyon
Fermat’s principle
geodesic equation its apotheosis, 135
gravity and refraction, 199
Feyman—Wheeler electrodynamics, 76, 83
Feynman, Richard P., 76116, 222
field
electric
in terms of Fio, 63
transverse, 160
electromagnetic, 68, see also Maxwell field
bare mass, 69
covariant field equation, 133
covariant Lagrangian, 148
point charge, 79, 80
radiation, 79
gravitational
action, 141
Einstein equation, 141
equivalence principle, 92, 98, 99, 117
Hamiltonian, 97
Lagrangian, 144
light beam, 98
matter and metric, 138
Newtonian from GR, 151
static point mass, 166, see also Schwarzschild
metric
stress tensor, 202
sun, symmetry of, 4
tidal force, 137
weak, 138, 229
“in” and “out”, 75, 83
satisfy wave equation, 76
induction, 79, 89, 92
Klein—-Gordon
covariant, 133
Lagrangian, 148
magnetic
in terms of Fij, 64
Maxwell, A¥, 63, see also Maxwell field
radiation, 92
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field (cont.)
scalar
action, 51
canonical stress tensor, 57
conserved current, 55
coordinate transformation, 104
Klein—Gordon equation, 51
symmetric stress tensor, 60
transformation law, 5, 34
vector, 5, 103
covariant derivative, 119
inner product, 105
local, 123
parallel transport, 130
transformation law, 34
finite neighborhood, 129
Fitzgerald contraction, 22,
see also Lorentz—Fitzgerald c.
fixed point theorem, 88
flashlight drive, 42, 45
flat space
Euclidean, 117, 121
Minkowski, 129, 132, 133, 142, 179, 231
flatness, 129
measured by Riemann tensor, 131
fluid
stress tensor, 184, 185, 191, 228
sun as incompressible, 185
universe as, 204, 210
Fock, Vladimir A., x
force
delta function, 86
gravitational, 10, 95, 151
Eotvos experiment, 96
hydrostatic equilibrium, 188
Hooke’s law, binding, 84
Lorentz, 70, 132
Minkowski, 51
tidal, 137, 228
near singularity, 197
Ford, W. Kent, 221
Fourier transform, 71
free fall
frame, 117, 138, see also elevator coordinates
locally Minkowskian, 117
same as elevator coordinates, 121
Friedman, 213
Galileo observation, 95
geodesic world lines, 137
photon, 181
Schwarzschild radius
finite proper time, infinite coordinate
time, 192
Schwarzschild singularity, 191, 192
tidal force, 137, 197
frequency
Doppler shift, 43
gravitational redshift, 179, 180

Index

Friedman universe, 210-214
Friedman, Alexander A., 210
spelling confusion, 21018
Friedmann, Alexander A., 210,
see also Friedman, Alexander A.
Fulton, Thomas, 92130
future, 13

galaxies
as atoms, 204
beyond the horizon, 217
Cartan’s problem, 206
cosmological principle, 204
Hubble’s law, 209
Galileo
all objects fall at the same rate, 95
relativity, 46
Tty T v» 123, see also Christoffel symbol
y, Lorentz factor, 18
Gamow, George, 31
gauge invariance
electromagnetism, 65
FH .70
gravitation, 140
Bianchi identities, 162n2
Ryvio» 159
gauge transformation
electromagnetism, 65, 154
gravitation, 140, 156
linearized theory, 229
Gauss’s theorem, 59
four dimensions, 53
rank 2 tensor, 115
general relativity
alternative theories, 142
analogs trivial if dim < 4, 127
basic insights, 99
classic tests, 170, see also classic test of GR
classic tests of what?, 180
Coleman’s admonition, 220
cosmological models, 210
4-dimensional manifold, 112
Fl’:‘)\ symmetric, 117
global conservation of energy—momentum,
200-203
isotropy, 205
logically akin to Maxwell’s equations, 132
no dipole radiation, 159
strong equivalence, 121
symmetric stress tensor, 58
two parts of, 132
Weyl’s principle, 204
generator
conformal group, 131
translation need not commute, 142
Genzel, Reinhard, 221
geodesic, 134
equation, 134

© in this web service Cambridge University Press

www.cambridge.org



www.cambridge.org/9781316511725
www.cambridge.org

Cambridge University Press

978-1-316-51172-5 — Sidney Coleman's Lectures on Relativity
Edited by David J. Griffiths , David Derbes , Richard B. Sohn
Index

More Information

Index 241
Kruskal coordinates, 193 equivalence principle, 98
light moves along a null, 179, 195 GR as a theory of, ix
local coordinates, 159 Newton, couples to mass, 97
I'’s zero, 121, see also elevator coordinates sourced by stress tensor, 143
orbits, 181 stretches time, 97
particle, 228 tidal forces, 138
straight line, absent gravity, 134 universal effects, 98
straightest lines in curved space, 134 weak field Lagrangian, 139
tidal forces, 137, 197 Greeks, ancient
world line in free fall, 137 symmetries, 4n4
world lines of free particles, 135, 152 Green’s function
geometry advanced, Dy, 71n13, 75
affine spaces, 115-121 boundary conditions, 74
classical physics and group D, not unique, 71
theory, 6-12 retarded, Dg, 71,72
differential, 100-115 four potential AX, 75
Cartan problem, 206 neart = 0T, 72

.equa} to gravity, 13 2 ) solves either wave equation, 73
interior Schwarzschild solution, 187 Griffiths, David J.. ix, x, 152119

Minkowski space and Lorentz group, 13-23
Riemannian, 121-131
Schwarzschild equator, 195
Schwarzschild solution, 193
Ghez, Andrea, 221
¢global conservation, 55
energy, in orbits, 172
energy—momentum in GR, 201
in general relativity, 200

gun, jumping the, 88
gyroscope
equation of motion, 228
precession of axis, 136

Hall, Brian C., 145112
Hamilton’s principle, 50, 61, 227
Hamiltonian, 97

in special relativity, 200 harmom.c
momentum. in GR. 201 coordinates, 151118, 154, 156, see also Lorenz
global invariance gauge
force, 84

Poincaré not certain, 142

God, near-sighted, 204

gradient
archetype of covariant vector, 35
curl-free vector as, 130

potential, 214
Harvard University, ix
Hawking, Stephen W., 220-222
Heaviside—Lorentz units, 66n8, 78

exterior derivative of scalar field, 108 helicity
of scalar field, transformation, 104 graviton, 158
photon, 156

pressure, 188

vector in three dimensions, 34
gravitation

equal to geometry, 132

Hewish, Anthony, 220
Hooke’s law, 38
horizon, Friedman universe, 217

Newton’s law of, 11113, 95, see also Newton’s Hoyle-Bondi steady-state model, 204
law of g. Hubble, Edwin P. 20917
gravitational Hubble’s constant, 209
collapse, 190 Hubble’s law, 209
constant, G, 95, 227 in Milne’s model, 33
field, 4, see also field, gravitational Hulse, Russell, 221
mass, mg, 95 Huygens’ principle, 74
potential energy, 172 hydrostatic equilibrium, 188
redshift, 170, 179-180, see also Pound-Rebka hyperbola, 26
experiment constant cosmic time, 216
in scalar gravity, 231 Kruskal coordinates, 194
quantum mechanics, 97 hyperbolic
wave, X, see also wave, gravitational functions, 18
graviton, 158 motion, 26, 91
gravity charge, 90-92
alters spatial geometry, 98 lack of radiation reaction force, 92
Einstein, couples to energy and mass, 97 zero radiation reaction, 90
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hyperboloid
Friedman universe, 217
Lorentz group, 14, 15
hypersphere, 186, 187

induction field, 79, 89, 92
inertial frame, 25, see also reference frame, inertial
inertial mass, mj, 95
o« mg, gravitational mass, 95
inhomogeneous Lorentz group, 11, see also
Poincaré group
integration
covariant, 225
on a manifold, 113-115
internal symmetry, 54
intrinsic geometry, 100, 129
invariance
conformal, 198
dilation, 10, see also dilation
gauge, 70, see also gauge invariance
geometric, 5
group properties, 4
inconsequential, 5
internal symmetry, 54
isometry, 163
Lagrangian, 49
laws of motion, 4
Lorentz, 11, see also Lorentz group, Lorentz
invariance
Newton’s first law, 8
Poincaré, 6, see also Poincaré invariance
rotational, 165
time reversal, 165
time translation, 163
translation, 46
irreducible representation, 38
conservation laws, 40
rotation group, 38
isometry, 163
rotational invariance, 165
time reversal, 164
Weyl’s postulate, 204
isotropic coordinates, 208
isotropy
all galaxies follow geodesics, 205
Cartan’s problem, 206
cosmological principle, 204

Jackson, J. David, 65n6
Jacobian, 106, 107, 110, 111, 115,
160, 223

Kaiser, David, ixnl, 222
Kepler problem, 173
relativistic with Coulomb potential, 230
Kerr, Roy P, 221
kinematic quantities, 40, 46
asymptotically conserved, 61

kinematic theory, Milne, 204

kinetic energy, 41, see also energy, kinetic
Lagrangian, 49

Klein—-Gordon field, 227

Kronecker delta, 36, 38, 223, 230

Krotkov, Robert, 97n4

Kruskal, Martin David, 193119

Kruskal-Szekeres coordinates, 193, 215

Lagrangian, 48
Einstein’s equation, empty space, 144
electromagnetism, 63
not uniquely defined, 49
particle mechanics, 48-51
relativistic particle, 49-51
relativistic fields, 51-58
charged, 51
geometric invariance, 55-58
internal symmetry, 54-55
Klein—Gordon, 51
Landau, Lev Davidovich, 201n1, 203n4
Laplace’s equation, two dimensions
conformal transformations, 131
Laplacian
d’ Alembertian as 4-dimensional extension
of, 65
Larmor formula, 89
length
along a geodesic, 137
contravariant vector A%, 122
in embedded space, 121, 196
in general relativity, 223
Lorentz invariance, 20
on manifold, 100
perpendicular to motion, 23
preserved by isometry, 163
preserved by parallel transport, 123
proper time, 21
proper velocity, dx* /dt, 25
spacetime interval, 122
lepton number, 3919, 55
Levi-Civita symbol, 110
in n dimensions, 224
in four dimensions, €3, 3613
in three dimensions, €; ko 64n2
Levin, David, ix
Levin, Janna J., 222
Liénard—Wiechert potential, point charge, 78
Lifshitz, Evgeny Mikhailovich, 201n1, 203n4
light cone, 23,77, 91, 216
LIGO, 160n23, 180n13, 221
line integral, 107
line of simultaneity, 24
linearized Einstein equation, 150-153
local conservation, 55, see also conservation, local
Lorentz covariant, 132
Lorentz gauge, 65, see also Lorenz gauge
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Lorentz group, 11
hyperboloid
1 sheet, 15
2 sheets, 14
proper vs. improper, 16, 115
representations, 37
conservation laws, 41
structure, 13-19
subgroup of Poincaré group, 11
subgroups of, 17
Lorentz invariance, 11n14
representations, 40
tachyons consistent with, 32
Lorentz transformation, 11, 20
boost, 17
infinitesimal, 56
invariant quadratic form, 12
Levi-Civita pseudotensor invariant, 36
metric tensor invariant, 35
Minkowski space isometry, 163
parameters, 14
proper, det =1, 110
symmetric, antisymmetric tensor pieces, 37
tachyons, 32
time and space transform, 34
traceless, metric parts, 37
with dilations, 19
Lorentz, Hendrik A., 65n6, 82, 86n25
mass due to field energy, 90
Lorentz—Fitzgerald contraction, 22, 28, 29
Lorenz gauge, 65, 67, 70, 81, 151, 154
Lorenz, Ludvig V., 65n6
luminosity
apparent, 209
distance, 210
intrinsic, 209

MacLane, Saunders, 10
magnetic field, 64, see also field,
magnetic
manifold, 101
affinely connected, 115
coordinates differentiable, 101
differentiable, 102
embedding theorem, 195
integration on, 113115
Kruskal-Szekeres coordinates, 193
Minkowski
isometry, 163
parallel transport, 115
Riemannian, 122
isometry, 163
metric, 132
Stokes’s theorem, 107
structure, 101
time-independent metric, 164
Weyl’s postulate, 204

Index 243

mass
bare, 68, 82
negative, runaway mode, 89
center of, rel. generalization, 48
conserved 4= in rel. collisions, 42
couples to Newton’s gravity, 97
diminished by binding energy, 183
effective, 69, 181
electrostatic origin (Lorentz), 90
equivalence principle, 98
gravitational, mg, 95
incompatible with dilations, 10
inertial, m, 95
my xmg, 95
equivalence, 95
photon rocket, 42
photons, 42
physical, 82
renormalization, 80
role in metric, 132
Schwarzschild metric, 162
unit of meters, 156n21
with energy, couples to Einstein’s gravity, 97
Mather, John, 221
matter
curves spacetime, 132
source of gravity, 147
Maxwell field
field equations
free, 64
sourced, 66
field tensor, F*V, 63
gauge invariance, 65
inhomogeneous wave equation, 75
Lagrangian, 63
Maxwell’s equations, 67
stress tensor, 66
Maxwell’s equations, 43
analogous to Einstein’s equation, 138
charge in, similar to role of mass in metric, 132
curved space, 133
incompatible with materialized charge, 75
like linear Einstein equation, 151
Lorenz gauge, 81
source-free, 65
sourced, 67
time-reversal invariant, 76
mechanics
classical, 38
discrete symmetries, 48
nonrelativistic
Lagrangian, 49
quantum, 42
gravitational redshift, 97
runaway solution, 86
relativistic particle, 34
Lagrangian, 49-51
statistical, 76
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Mercury’s perihelion shift, 170-176
as classic test, 182-184
in scalar gravity, 231, 233
metric
altered by gravity, 98
Cartan’s problem, 206
comoving coordinates, 205
conformal transformations, 198
embedding, 186
Euclidean
isometry, 163
gauge invariance, 162n2
hyperboloid and Friedman universe, 207
hypersphere embedded, 187
isometry, 164
Kruskal-Szekeres coordinates, 193
Minkowski ny,v, 9, 138, 224
elevator frame, 99
Lorentz tensor, 35
point mass, 162, see also Schwarzschild m.
Robertson—Walker, 208
Christoffel symbols (I"’s), 212
cosmology, 210-215
Einstein equation, 211
singularities, 215
Schwarzschild, x
signature, 204
spherically symmetric, 162, 183, see also
Schwarzschild metric
stationary, 164
time-independent, 164
metric space, 100
metric tensor gy, 9, 223
~ Minkowski if gravity weak, 138
conformal trans., 131
constant = flat space, 129
determines distance, 104
I'’s expressed in terms of, 124
geometry encoded in, 132
gV # gy in general, 122
gravitational potential, 134
invariant under Lorentz trans., 36
obtained from G*V, 162
raise/lower indices, 36, 111, 122
Schwarzschild, 162—-170
spherically symmetric, 166, see also
Schwarzschild metric
symmetric on Riemann manifold, 122
variation of its determinant, 146
Milne model, 32, 204, 210, 216
Minkowski
coordinates, 179, 180, 184
asymptotic, 202
force
as relativistic form of Newton’s
second law, 51
metric 1y, 224
space, 202

Index

€ = 0 Friedman model, 216
asymptotic, 201-203, 230
hyperboloid in, 207
indistinguishable from empty space, 117, 121
Misner, Charles W., 222
model
Bondi—-Gold, universe
Robertson—Walker metric, 210
Einstein—Lemaitre, universe, 215
Friedman, universe, 213
€ = —1, sphere ¢= empty, 216
e =0, flat, 216
€ = 1, expands, 216
Hoyle—Bondi steady state, 204
Lorentz, electron, 86125
Milne, universe, 32, 216
kinematics, 204
Robertson—Walker metric, 210
sun as incompressible fluid, 190
Mgller, Christian, X
momentum
conservation, global
divergence, 201
conservation, local
covariant divergence, 162
Friedman universe, 211
conserved, globally
pseudotensor 14V, 202-203
electromagnetic density, 66
field, 67, 80
radiated, 89
nonrelativistic
conservation, 41
photon, 42
de Broglie wavelength, 156
relativistic, 41
canonical stress tensor T“C\f*N, 57
conservation, 42, 46, 47
non-Lagrangian dynamics, 228
particle, 61
stress tensor, 227
Symmetric stress tensor Tlf\)( M 60
stress tensor
source of Einstein tensor Gy, 143
twist and antitwist, 232
momentum space, 62
Moniz, Ernest J., 86n25
monopole, 159
Myr. Tompkins in Wonderland, 31n20

neutron star, 220
Newman, Ezra T., 221
Newton’s law of gravitation, 95
Kepler problem (Mercury), 171, 172
kinetic energy
angular, 182
radial, 182
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potential energy, 180, 182 patch, coordinate, 100, 101, 129
recovery from Einstein’s theory, 151-153, 170 Pauli, Wolfgang, x, 91
weak-field limit of scalar field theory, 233 Peebles, James, 221, 222
Newton’s laws pendulum
first, 6, 8, 11 Eotvos experiment, 96
affine group, 8 Newton’s experiment, 96n2
geodesic equation as generalization of, 135 Penrose, Roger, 31120, 221
Poincaré group, 10 Penzias, Arno A., 220
second perihelion, 173
equivalence of m and m¢, 95 precession of Mercury’s, 171-176
from Euler-Lagrange equation, 49 as classic test, 182-184
relativistic form, 51 in scalar gravity, 231
Newton, Isaac, 4n4 Perlmutter, Saul, 221
pendulum test of m; and m g equivalence, photon
96n2 energy and effective mass, 181
Newtonian limit gravitational redshift, 181
determination of constant in Einstein’s helicity, 156
equation, 144 Hubble’s law, 209
Schwarzschild metric, 169, 184 mass, 80
Newtonian line element, 154 momentum, 156
Noether, Amalie Emmy, 55124 null geodesic, 195
Noether’s theorem, 55124 rocket, 42
nonorthochronous, 15, 16 spin, 159
Novikov, Igor Dmitriyevich, 220, 222 zero mass, 156
Pisa, Leaning Tower of, 96
observation, 23 Planck’s formula, 42
observer, 8, 21-23, 32, 92, 192, 198, 204, 208 plane wave
Okun, Lev B., 6516 electromagnetic
open set, 102, 226 polarization, 155
orbit potential A#, 43
Einstein’s equation, 164 solution, 155
isometry, 163-166 gravitational solution, 157, 160
Mercury, 172-176 Poincaré invariance, 611, 46, 142
range of transformation, 163 conservation laws
orthochronous, 15 fields, 55-58
oscillatory motion particles, 61-62
cosmological constant, A, 214 group, 11
radiation, 159 local, 14219
reaction, 84 translations 7 commute, 142
transformation, 11
Pais, Abraham, 17519 point charge
paradox electromagnetic interaction, 68
bandits and train, 27-28 field of moving, 79
prisoner’s escape, 28-29 Kepler problem, 230
twin, 25-26, 90 Liénard—Wiechert potential, 78
parallel displacement, 103 point mass
parallel transport, 115 metric produced by, 162, see also
about a loop, 127 Schwarzschild metric
contravariant vector, 224 Newton’s law of gravitation, 10
density, 118 Poisson’s equation, 152
distant, 130 polarization
metric tensor, 123 electromagnetic waves, 155-156
tensor, 118 gravitational waves, 157-159
parity, 16 pole singularity
in classical mechanics, 48n15 interior Schwarzschild solution, 190
passive transformation, 11-12 Politzer, H. David, ix
# conservation laws, 101 Popov, Victor Nikolaievich, 222
past, 13 positron, 88
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potential
Coulomb, 78
electromagnetic A", 43, 63
gauge invariance, 70
ﬂ runaways < bounded, 88
wave equation with source, 75
gravitational gy, 134
gravitational gh, 97
potential energy, 45
de Sitter universe, 214
Friedman universe, 213, 215
gravitational, 172, 182, 187
Lagrangian, 49
mass units, 156n21
Newtonian, 180
photon, 181
Pound, Robert V., 180
Pound-Rebka experiment, 180, 181
Poynting vector, 66
preacceleration, 88, 90
precession
gyroscope, 136
Mercury perihelion, 171, see also perihelion,
precession
principle of equivalence, see equivalence principle
prisoner’s escape, 28, see also paradox, prisoner’s
escape
propagation, gravitational wave, 154
proper time 7, 20, 228
acceleration, 34
extremized on geodesics, 135
parameter, 50
velocity, 32, 34
pseudotensor, gravitational 14¥, 201-203
pulsar, 220

quadrupole oscillation, 159

radiation
electromagnetic, 76
damping, 84-88
point charge, 76-80
field, 79
gravitational, 159
linearized theory, 231
reaction
finite, 82
hyperbolic motion, 90-92
oscillatory motion, 84
radius
Schwarzschild, 169, see also Schwarzschild
radius
of universe, 208
rank, tensor, 35
rapidity, 18
Rebka, Glen A., 180
redshift
cosmic
formula, 209

Hubble’s law, 209
gravitational, 97, 170, 179-180,
see also gravitational redshift,
see also Pound—Rebka expt.
reference frame, 44
appearance of moving object, 29
asymptotic Minkowski, 202
comoving, 25
elevator coordinates, 99, 121
inertial, 25, 36
local Minkowski, 180, 185
prisoner paradox, 28
radiation measurement, 92
SR vs. GR, ix
regularization, 80-82
relativity
general, viii, see also general relativity
special, viii, see also special relativity
renormalization, mass, 80
reparametrization, 45
representation
group, 37
irreducible, 38
Lorentz group, 37, 40
rest frame, 42, 86, 228
radiative absorption, 44
Ricci scalar R, 226
coordinate independent, 191
gravitational Lagrangian, 144
trace of Ricci tensor, 126
Ricci tensor Ry, 126, 144, 226
symmetric, 127
Riemann tensor R“UM , 121, 226
Bianchi identities, 226
if zero, space is flat, 226
in three spatial dimensions, 127, 226
in two spatial dimensions, 127, 226
symmetry, 226
Riess, Adam G., 221
Robertson—Walker metric, 208
Einstein tensor in, 211
in cosmological models, 210
in locally Euclidean coordinates, 211
singularities in, 215
rocket
photon, 42
twin paradox, 25
Rohrlich, Fritz, 92n30
Roll, Peter G., 97n4
rotation
group representations, 38
with time translation, 165
Rubin, Vera, 221
runaway mode, 85-89
Ryder, Lewis H., 222
Ryle, Sir Martin, 220

scalar
conserved quantity, 55, 200

© in this web service Cambridge University Press

www.cambridge.org



www.cambridge.org/9781316511725
www.cambridge.org

Cambridge University Press

978-1-316-51172-5 — Sidney Coleman's Lectures on Relativity
Edited by David J. Griffiths , David Derbes , Richard B. Sohn
Index

More Information

Index 247

curvature, 126, see also curvature, s. spherical symmetry

field, 51, see also field, scalar Friedman universe, € = —1, 207

product, relativistic, 103 generic metric, 183

Ricci, 126, see also Ricci scalar no gravitational radiation, 231
scattering, relativistic, 3941, 88 Schwarzschild metric, 184
Schiffer, Menahem, x static coordinates, 185
Schmidt, Brian P., 221 static metric, 166, 181
Schrédinger, Erwin, x, 117114, 120117 stress tensor, 217
Schutz, Bernard F., 222 universe, 204
Schwarzschild metric, x spin, 58

Christoffel symbol table, 167 graviton, 158, 159

classic tests of, 180—184 photon, 156, 159

derivation, 162—170 standard candle, 209

equatorial geometry, 195 star

gravitational analog to Coulomb’s law, 162 aberration of starlight, 32

in Kruskal-Szekeres coordinates, 193—195 Doppler shift, 43

interior solution, 184—190 state, equation of, 184, 190, 228

singularity, 191-192 stochastic electrodynamics, 75115
compared with Robertson—Walker metric, Stokes’s theorem, 108
215 dual to Gauss’s theorem, 114
rank-1 tensor, 115
strain tensor S;;, 38
stress tensor 7

real vs. phony, 191
tidal stress near genuine, 197-198
time and space trade places, 192 c
Schwarzschild radius, 169, 192 elastic, 38
fall time, 192 stress tensor THY

Schwinger, Julian, 58126 canonical, 57
Sciama. Dennis. 220 divergence-free, 153
Shapiro, Irwin L, 221 electromagnetic, 70

Sharp, David H., 86125 fluid, 191, 228
shear modulus. 38 gravitational, 143
signature, 9 156 197. 204 recovering Einstein’s equation, 147

imultaneity. lines of. 23 recovering Newton’s law, 151
Stmultanetty, fines of, with pseudotensor t#V, 201
singularity

interi f 185
Schwarzschild metric, 169, 191, Hterior ot sun,

; . Klein—-Gordon field, 148
see also Schwarzschild metric, s. . .
: ) Minkowski space, 202
geometrical artifact, 187

particle, 228
pole, 190

perfect fluid
Smoot, George, 221 moving, 185
Sohn, Richard, x rest, 184
source ) spherically symmetric, 217
electromagnetic, 66, see also current symmetric, 60
gravi.tational, 143, see also stress tensor SU(3), 38n7
space-like summation convention, Einstein, 8, 64
separation, 77 Sylvester’s law of inertia, 10
surface, 52 symmetric tensor
special relativity, x sum of traceless, and multiple of metric,
¢ constant, 8 tensors, 37
conservation law, 200 symmetry, 4
holds absent gravity, 117 coordinate-free definition, 163
Lorentz covariance, 132 cyclic, 124
me? as energy, 97 discrete, 48n15
Minkowski metric, 224 group, 38
Minkowski space, 13 internal, 54
THY defined in, 148 conservation law, 55
transformations are linear, 109 relativistic field, 55
spectral lines, 180, 209 0(3,2), 143
sphere 04, 1), 143
intrinsically curved, 129 spherical, 166, see also spherical symmetry
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synchronization
clocks, 21
Synge, John L., x
system
coordinate, 16, 106, 110, 117, 121, 129, 164,
170, 191, 201, 202, 208, 223
inertial, 36
physical, 3
reference frame, 28
Szekeres, George, 193n19

tachyon, 32
tangent space, 101, 102, 103, 116, 123, 201
tangent vector, 101
isometry orbit, 163
Taylor, Edwin F., 23n19
Taylor, Joseph, 221
tensor
antisymmetric, 37
Stokes’s theorem, 107
contraction, 36
contravariant, 35
coordinate transformation, 104
covariant derivative, 119
curvature, 138, see also Riemann tensor RM vio
8T}y, 145
density, 110, 201, 223
ghv, 146
coordinate transformation, 110, 223
covariant derivative, 146, 224
Levi-Civita pseudotensor, 111
parallel transport, 118
duality, 113
Einstein, 143, see also Einstein tensor G*Y
electromagnetic field, 133, see also
electromagnetic field tensor F*V
energy—momentum, 57, see also stress tensor
gravitational plane wave, 157
metric, 9, 35
mixed, 36, 104
parallel transport, 118
raise/lower index, 122
rank, 35
rank 0, 36
Ricci, 126, see also Ricci tensor Ry,
Riemann, 120, see also Riemann tensor R i
stress, 57, see also stress tensor
symmetric, 37
tensor density, 120
trace, 37
Teplitz, Doris R., 68n10
Terrell, James, 31120
test
classic, 153, see also classic test of GR
function, 73
zeroth, 171, 182, see also classic test of GR,
recovery of Newton’s law

lo}

Index

thermodynamics, second law, 76
theta function, 72, 77, 78
Thorne, Kip S., 220-222
tidal force, 137, 159, 228
near singularity, 197, 198
Riemann tensor, 138
time
asymmetry, 76
dilation
gravitational, 97
in SR, 21
paradox, 23
translation
commutes with rotations, 165
invariance, 163
Tompkins, Mr., 31n20
torsion pendulum, 96
torus, 108
trace of tensor, 37
trajectory, 3, see also world line
transformation
coordinate, 102, see also coordinate
transformation
Lorentz, 11, see also Lorentz transformation
Poincaré, 11, see also Poincaré invariance
translation
generator, 142
Poincaré group, 11, 46
local, 57
twist, 232
Tyson, Neil deGrasse, 222

uniform acceleration, 21, see also acceleration,
uniform

equivalence principle, 92, 98
hyperbolic motion, 26, 90
Lorentz invariant, 25
twin paradox, 25

uniform gravitational field
equivalence principle, 98
gravitational redshift, 97

units
acceleration, 26
Heaviside—Lorentz, 66n8, 78
mass, 156n21

universe
as a fluid, 204, 210
cosmological constant, A, 214
cosmological principle, 204
expanding or contracting, 208
Friedman models, 213
homogeneous, 208
horizon, 217
Hubble’s law, 209
model, 32, see also model
structure as a whole, 203
Weyl’s postulate, 204

upness, 9
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vacuum-cleaner drive, 45 weight

vector gravitational force, 98
of tensor density, 110

Weinberg, Erick, 219115

Weinberg, Steven, 222

Weiss, Rainer, 221

contravariant, 35
coordinate transformation, 102
covariant, 35

coordinate transformation, 103 Weisskopf, Victor F., 31220
field, 5, see also field, vector Weyl, Hermann, x
light-like, 12 Weyl’s postulate, 204, 206
space-like, 12 Wheeler, John A., 23n19, 76n16, 220, 222
time-like, 12 w}.lite hole, 195:1420
velocity, proper, 25, 32, 34, 44, 70, 134, 228 Wichmann, Eyvind H., x
fuid. 185 Will, Clifford M., 180n13, 222
’ . Wilson, Robert W., 220
L to proper acceleration, 25 work
external force, 89
Wald, Robert M., 222 fields on charges, 68
watch time as proper time, 20 world line, 3, 20
wave, electromagnetic, 154-156 as parameter, 49, 51
two polarizations only, 155 curved, 21

everywhere time-like, 20
free particle
geodesic, 135, 137

wave equation
Green’s function, 70-74
homogeneous, 65

. galaxy, 204
inhomogeneous, 70 geodesic, 205
wave number, 42 1 to t = const. surfaces, 206
wave vector, 179 hyperbolic motion, 90
Doppler shift, 44 proper time 7, 21, 68, 137
wave, gravitational, 154, 156-159 tachyon, 32
LIGO, 160n23 trajectory, 3

li i Ei i i 151
inearized mstel.n equation, 5 Young’s modulus, 38
plane-wave solutions, 156, 229

two independent, 229 Zee, Anthony, 222
wavelength, de Broglie, 156 Zeldovich, Yakov Borisovich, 220, 222
‘Weber, Joseph, 221 Zwicky, Fritz, 221
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