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active rotation, 485
active variables, 442
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dynamics, 626
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barrier, 282, 407
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back-reaction effects, 350
bending of light, 411
Bertrand’s theorem, 292
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bifurcation diagram, 592
bifurcations, 591

binary systems, 415
binomial expansion, 679
Biot-Savart, 319

black hole, 414

black string, 417
blueshift, 97, 140

bob pendulum, 233, 243
body frame, 478, 513

bound and unbound orbits, 282, 283, 292, 327
brachistochrone, 131

Brownian motion, 422

bubble chamber, 335

bulk modulus, 201

calculus of variations, 120
canonical quantization, 643
canonical transformations, 452
Cantor set, 674
Cartesian coordinates, 3, 73, 657
causality, 98
center of mass, 27, 169, 278, 327, 474,
499, 504, 507, 542, 550
central forces, 162, 260, 275, 292, 347, 371
central spring-force orbits, 285
central-force orbits, 284
centrifugal pseudoforce, 281, 368, 371
CERN, 335
chaos, 575, 583, 589
characteristic frequencies, 534
charged particle, 36, 248, 319, 335, 343,
449, 626
Chebyshev polynomials, 677
circle map, 615
circular orbit, 184, 281, 283, 288, 327, 378, 631
classical trajectories, 217
CM frame, 45, 86, 504
colliders, 88
collisions
elastic, 45
Inelastic, 85
inelastic, 46
Relativistic, 85
Coma Cluster, 303
combined transformations, 251
communication satellites, 97
complex plane, 210, 531
Compton scattering, 89
conic sections, 288
conjugate gradient method, 606
conservation laws, 28, 83, 162,
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conservative chaos, 583
conservative force, 37, 145, 158, 182, 302
constraint force, 154, 157, 168, 181, 234
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constraints, 157, 160, 179, 180, 233, 235, 238, 239, electric field, 189, 201, 228, 323, 338, 354, 394, 419

244,502 electromagnetic fields, 39, 223, 305, 320, 348, 394,
contact force, 48, 159, 172, 233, 239, 314, 507, 520 419, 450
control parameter, 585, 592 electromagnetic force, 47, 233, 318, 326, 344,
Coriolis pseudoforce, 368, 369, 371, 378 356, 416
Cornu spiral, 220 electromagnetic scalar potential, 64, 113, 318, 322,
cosmic string, 148 326, 345, 419, 449, 634
Coulomb electromagnetic vector potential, 333, 340, 354, 356,
field, 319 419, 420, 449
gauge, 420, 450 electromagnetism, 47, 63, 68, 314, 348, 415, 634
potential, 276 electrons and positrons, 109, 116, 335
scattering, 328 electrostatic force, 276, 328, 416
critical stability, 179, 281 electroweak force, 47
cross-section, 330 ellipses, 34, 230, 273, 282, 286, 288, 289, 327, 446,
crossed electric and magnetic fields, 336 632, 650
curl, 37, 41, 315, 323, 658, 665 elliptic
curved space, 397, 411 functions, 589, 633
curved surface, 397 points, 585, 587
cyclic coordinate, 161, 181, 225, 246, 411, 512 elliptical orbits, 286, 307
cycloid, 132 energy, 14, 28, 35, 38, 80, 81, 157, 158, 275, 280, 302,
cyclotron, 85, 341 326, 337, 346, 349, 437, 503, 506, 537, 542, 583
Cygnus X-1, 308 energy conservation, 15, 41, 84, 132, 164, 243, 280,
cylindrical coordinates, 23, 154, 160, 177, 247, 339, 298, 346, 512
346, 629, 658 entropic force, 426
entropy, 426, 467, 615
damped oscillations, 15 equal areas in equal times, 293, 428
dark matter, 54, 304, 311, 312 equilibrium, 13, 158, 164, 183, 192, 309, 386, 530,
de Broglie wavelength, 208 533, 538, 548, 553, 568, 585
de Sitter model, 62 equivalence principle, 139, 404
degenerate, 544 ergodic evolution, 588
delta function, 315, 319, 562 Euler angles, 482, 483, 511, 525
difference equations, 594 Euler pseudoforce, 368
diffraction, 214, 228, 561, 634 Euler, Leonard, 120, 477
diffusion equation, 426, 433 Euler’s equations, 126, 128, 136, 146, 159
dipole magnetic field, 344 event, 4
direct transformation, 250 event horizons, 413, 432
directrix, 290
dispersion relation, 82 Feigenbaum’s number, 597
dissipative chaos, 583, 589 Fermat’s principle of least time, 119
divergence, 315, 321, 339, 635 Fermat’s principle of stationary time, 119, 134, 147,
divergence theorem, 667 149, 224,227, 634
Doppler effect, 111, 140, 304 Feynman’s path integration, 208, 215, 648
drag force, 9, 32, 51 Feynman, Richard, 48, 208
Dyson, Freeman, 208 field equations, 400, 430
field theory, 418
eccentricity, 287, 296, 328, 408, 428 first integral of motion,, 45
effective gravity, 118, 358, 360, 388 first-order perturbation theory, 408
effective potential, 62, 164, 178, 280, 308, 310, 327, fluctuation—dissipation theorem, 433
347,361, 406, 428 foci, 230, 289
eigenfrequencies, 534 focus, 288
eigenvalues, 534, 540, 549, 574, 605, 638, 652 force, 258
eigenvectors, 534 Foucault, Jean Leon, 374, 375
Einstein summation convention, 74, 122, 176, 179, Foucault’s pendulum, 374, 375
543 four-force, 91, 94, 324
Einstein, Albert, 63, 206, 395 four-momentum, 79, 94
electric charge, 36, 47, 86, 116, 248, 319, 326, 394, four-vector, 69, 71, 112, 114, 324, 356, 417
416, 629 four-vector potential, 324, 356, 417
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four-velocity, 74, 324

four-velocity invariant, 78

Fourier integral, 556

Fourier series, 556

Fourier transform, 423, 559, 560, 573

fractal, 592

fractal dimension, 588, 674

frequency, 97

frequency eigenvalues, 534

friction, 39, 45, 48, 52, 153, 240, 241, 268, 422,
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Friedmann equations, 61, 430

functional, 120, 124, 156, 186, 227, 405, 428

functional calculus, 120

fundamental forces, 47, 314, 395

fundamental laws, 5, 49, 63

galaxies, 97, 111, 303, 414, 429
Galilean, 65, 395
boosts, 261, 653
invariant, 5, 264
transformation, 3, 5, 50, 64, 94, 192, 359
gauge choice, 419
gauge fixing, 418, 431
gauge symmetry, 321, 395, 415, 418
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Gaussian surface, 315, 317, 394
General Relativity, 47
general relativity, 97, 104, 139, 275, 395, 400, 404,
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437
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geodesic, 128, 148, 150, 151, 405, 427, 429
geodesics in the Schwarzschild spacetime, 405
geoid, 371
geostrophic flow, 373
GPS, 97
gradients, 37, 318, 356, 446, 635, 657, 660, 662
gravitation, 225, 275, 314, 317, 386, 395
gravitational assist, 296, 312
gravitational fields, 147, 315, 357, 397
gravitational force, 8, 37, 41, 47, 159, 283, 292, 305,
314, 360, 362, 389, 397, 416
gravitational mass, 140, 310, 390, 396
gravitational redshift, 402
gravitational scalar potential, 318
gravitational waves, 415
gravity, 26, 39, 97, 131, 139, 144, 225, 246, 275, 314,
395, 506
great circle, 130
Green’s theorem, 663
group theory, 267
Gulf stream, 392
gyroscope, 416, 519, 528

Hafele—Keating experiments, 143, 152
Halley’s Comet, 295, 305

Hamilton’s equations of motion., 444
Hamilton’s principle, 155, 156, 186, 222
Hamilton’s principle function, 618
Hamilton, William Rowan, 156
Hamilton—Jacobi, 617, 649
Hamilton—Jacobi equation, 618
Hamiltonian, 176, 259, 336, 406, 437, 576, 617
Heisenberg uncertainty principle, 229, 644
Heisenberg, Werner, 445

helium—atom interference, 207, 211
Hermite polynomials, 677

hidden symmetries, 273

Hohmann transfer orbits, 296, 309
holonomic constraints, 154, 238
Hooke’s law, 34, 39, 185

Hubble law, 62, 97

hurricanes, 374

hyperbolas, 290

hyperbolic orbits, 290

hyperbolic points, 587

ignorable coordinate, 162

impact parameter, 329

inclined plane, 161, 172, 175, 187, 238, 523

index notation, 544

index of refraction, 119, 134, 148, 150, 223,
635, 638

indirect transformation, 250

inertial drag, 11

inertial frames, 3, 6, 8, 29, 45, 49, 54, 63, 77, 87, 104,
113,138, 158, 173, 180, 278, 318, 323, 336, 355,
358, 362, 366, 385, 393, 395, 473

inertial mass, 310, 396

inertial observers, 3, 6, 65, 92, 93, 100, 114, 369

infinite plane wave, 201

infinitesimal transformations, 250, 266, 456, 464

integrability, 576, 578, 588

integrable, 266, 577

intensity, 202

interference, 203, 221, 228, 634

involution, 577

ion trapping, 344

Jacobi

action, 223, 225, 230

identity, 462, 472, 642

principle of stationary action, 225
Jacobi polynomials, 677

KAM torus, 581, 585

Kepler’s laws, 296, 311

kinetic energy, 14, 35, 44, 79, 81, 86, 112, 139,
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lab frame, 45, 85, 89, 115, 478, 483, 509, 515
Lagrange equations, 126, 156, 162, 166, 174,
182, 186, 189, 235, 236, 255, 428, 437, 444,
472, 544,610
Lagrange multipliers, 233, 236, 268, 502, 507
Lagrange point, 309
Lagrange, Joseph-Louis, 153
Lagrangian, 155, 156, 188, 193, 223, 235, 248,
271, 279, 323, 352, 360, 405, 417, 431,
437, 441, 469, 503, 525, 538, 573, 576,
584, 620
Lagrangian for particle in electromagnetic fields,
323
Lagrangian in rotating reference frames, 366
Laguerre polynomials, 677
laminar flow, 9, 672
Laplace’s equation, 345, 352
Laplace-Runge—Lenz vector, 273, 471
Laplacian, 201, 635, 641, 658, 660
Large Hadron Collider (LHC), 355
law of inertia, 5
least-time paths, 120, 131, 148
Legendre polynomials, 676
Legendre transform, 438, 467, 627
Legendre transformation, 441
LeMaitre—Robertson—Walker metric, 429
length contraction, 102, 107, 140
Lie groups, 267
light-like, 98
light cone, 98
light rays, 98, 146, 223, 399, 635
LIGO, 415
linear superposition, 203, 555
linearly accelerating frames, 358
Liouville’s theorem, 438, 465, 466, 471, 631
logistic equation, 594
logistic map, 594, 614
Lorentz, 395
boost, 67, 263, 355, 395
contraction, 102, 107, 397
covariant, 113
force, 318, 319, 356, 416
gauge, 352,420
invariance, 262, 325
invariants, 72, 93
matrix, 74
scalar, 114
transformations, 67, 68, 87, 94, 107, 253, 261,
324, 350, 356, 458
vector, 114
Lorentz transformations: electromagnetic fields,
324,350
low-earth orbit (LEO), 296, 309, 389
LU decomposition, 604
Lyapunov exponent, 588

magnetic bottle, 344
magnetic charge, 354

magnetic field, 49, 189, 201, 223, 228, 319, 321, 339,
343, 349, 350, 353, 394, 416, 449, 615, 626, 629

magnetic gravitational vector field, 416

magnetic gravity, 415

magnetic mirror, 340

magnetic moment, 342

magnetic monopoles, 354

mass, 79

mass energy, 81

mass matrix, 543

massless particles, 82, 115, 411

Maxwell’s equations, 63, 68, 201, 228, 318, 339, 356,
395, 415, 634

Maxwell, James Clerk, 318

mechanics from a variational principle, 137

Mercury’s perihelion precession, 407

metric, 70, 114, 263, 400, 407, 411, 413, 428, 457, 460

minimum-energy transfer orbits, 296

Minkowski diagram, 98

moment of inertia, 159, 493, 497, 528, 615

moment of inertia matrix, 492

momentum, 7, 26, 45, 54,79, 111, 112, 117, 161, 166,
169, 178, 190, 206, 229, 246, 255, 257, 258, 437,
443, 448, 453, 464, 468, 619, 631, 653

momentum conservation, 28, 84, 94

momentum, angular momentum, 28

motion in a uniform magnetic field, 332

Newton’s laws of motion, 5

Newton’s Principia, 5, 74

Newton’s second law, 6

Newton, Isaac, 49, 134, 245, 293

Newton’s laws of motion, 146

Newtonian drag, 11

Noether charge, 256, 272

Noether’s theorem, 245, 254, 261, 266, 294, 356, 462

Noether, Emmy, 245

non-conservative forces, 38

non-Euclidean, 397

non-Euclidean geometry, 397

nonholonomic, 155

nonconservative forces, 147, 153

nondeterministic reality, 208

nonholonomic constraints, 238

normal force, 24, 39, 154, 160, 173, 233, 236, 239,
310, 363

normal mode of oscillation, 532

nutation, 521, 528

on-shell symmetry, 272

orbit precession, 407, 416, 427, 428, 519,
528, 600

orbital angular momentum, 490

orbital dynamics, 293

orbital geometry, 290

orbital physics, 290

orbital shapes, 286, 292, 308, 650

orbiting stars, 311
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Ornstein—Uhlenbeck process, 422
orthonormal, 535
oscillations

small, 183, 189, 308, 468, 542, 574

parabolas, 290

parabolic orbits, 292

paradox of twins, 103, 108

parallel-axis theorem, 499, 500

parking orbits, 298

particle, 3

particle decays, 84

particle scattering, 328

particle waves, 631

passive, 442

passive rotation, 485

Paul trap, 345, 351

pendulum, 158, 189, 233, 242, 267, 361, 374,
377, 390, 468, 510, 537, 569, 587, 589,
614, 626

Penning potential, 346

Penning trap, 345

periapse, 283, 287, 290

periastron, 283

perigee, 283, 383

perihelion, 283, 295, 407, 427

period doubling, 591, 614

perpendicular-axis theorem, 501

perturbation theory, 408, 599, 612

phase angle, 202

phase space, 444, 453, 457, 462, 471, 576,
589, 614, 619, 622, 631, 643

phasors, 210, 220, 229

photons, 55, 83, 89, 97, 111, 206, 228, 344, 403,
430, 548, 630

Planck, Max, 631

Planck’s constant, 55, 90, 97, 206, 216, 229, 651

Poincaré transformations, 113

Poiseuille flow, 672

Poisson bracket, 438, 457, 459, 464, 470, 577, 642,
646, 652

Poisson’s equation, 318, 676

polar coordinates, 23, 40, 148, 191, 230, 241, 272,
279, 286, 468, 576, 584, 622, 660

potential energy, 14, 37, 43, 56, 57, 85,
132, 144, 222, 236, 239, 246,
258, 275, 280, 298, 326, 345,
361, 450, 472, 506, 530, 538, 542, 549,
623, 650

principal axes, 496

principle of equivalence, 106, 139, 147, 310,
359, 396

principle of least action, 156, 229, 617

principle of relativity, 5, 63, 114, 395

principle of stationary action, 156, 193, 197

probability amplitude, 209, 224, 227

proper time, 71, 72, 91, 138, 144, 152, 263, 401, 405,
411, 428

protons and antiprotons, 85, 116

pseudoforces, 361, 364, 370, 378, 386

pseudoforces on earth, 370

pulleys, 196, 469

quantum fluctuations, 421

quantum mechanics, 82, 197, 203, 216, 225, 445,
462, 575,617,623, 631, 641, 643, 647

quasi-stellar objects (QSOs), 148

radial motion, 281, 370

random walk, 426

rapidity, 69, 70, 253

redshift, 97, 109, 141, 402, 413

reduced mass, 169, 191, 279, 306, 327, 567, 613

reducing to quadrature, 42, 178, 191, 282, 284, 512

relative, 169

relative coordinates, 191, 249, 278

relativistic action for a free particle, 324

relativistic collisions, 85, 117

relativistic dispersion relation, 82

relativistic dynamics, 71, 79, 98, 453

relativistic kinematics, 71

relativity, 5,47, 63, 67, 73,97, 107, 139, 151, 261, 275,
318, 348, 395, 402, 416

relativity of simultaneity, 102, 107

relativity postulates, 63

rendezvous and docking, 378, 394

renormalization group, 48, 271

residual gauge freedom, 352, 420

resonance, 18, 587

rest frame, 72

rest length, 102

rest mass, 79

rigid body, 474, 528

rocket equation, 30, 54

rockets, 29, 118

rolling, 56, 132, 150, 238, 244, 388, 509, 525

rolling without slipping, 239, 240, 244

rotating frames, 362

rotational symmetry, 40, 260, 261

rotations, 69, 113, 252, 260, 376, 481, 485

Routhian, 470

Runge—Kutta, 449, 611, 613

Rutherford scattering, 331

satellites, 108, 294, 300, 305, 312, 378

scalar invariants, 72

scalar potential, 64, 113, 318, 321, 322, 326, 336, 345,
419, 449, 634

scalar quantity, 157

scale invariance, 271

scattering cross-section, 330

scattering of light, 331

Schrodinger’s equation, 637, 640, 651
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Schrodinger, Erwin, 445

Schwarzschild metric, 400, 405, 413, 428

sculpting Lagrangians from symmetry, 264

secular equation, 534, 539, 544, 545

secular term, 409

separable system, 621

separation of variables, 555, 618, 636

shape of gravitational orbits, 286

simple pendulum, 274, 361, 468, 569

simultaneity, 107

single-slit diffraction, 215

sinusoidal traveling waves, 202

sinusoidal waves, 560

slingshot on the moon, 24

Snell scattering, 331

Snell’s law, 120, 135, 149, 332, 637

space colonies, 24, 358, 369

space station, 378, 384, 393, 525

space translations and momentum, 257

space-like, 98

space-like intervals, 72, 98, 99, 113, 401

spacecraft rendezvous and docking, 378, 394

spacetime, 69, 101, 113, 399, 401, 405, 428

special relativity, 63, 89, 106, 261, 318, 323, 400

spectator, 442

spectral density, 423

speed of light, 63, 75, 82, 94, 99, 110, 121, 151,
201, 223, 407, 415

spherical coordinates, 41, 57, 148, 154, 165, 187,
267,279, 400, 660, 676

spherical pendulum, 56, 165, 193, 468

spin angular momentum, 490

spin kinetic energy, 504

spring force, 18, 33, 40, 48, 184, 281, 285, 306, 508,
651

spring matrix, 543

stability, 179, 281,
310, 588

stacking barrels, 240

standard map, 614

static gauge, 419, 431

steady-state solution, 19, 591

stochastic differential equation, 424, 433

stochastic forces, 421

stochastic process, 424

Stokes’s theorem, 664

Stranger in a Strange Land, 300, 309

strong force, 47

sum-over-paths, 208

summation convention, 74, 122, 176, 543

superposition principle, 200

symmetries and conservation laws, 245, 266

symmetry, 40, 245, 253, 264, 271, 294, 315, 321, 339,
357, 395, 405, 411, 415, 457, 464, 469,
496, 559, 570

systems of particles, 25, 168, 303

tagged point, 477
tautochrone, 149
Taylor series, 199, 217, 252, 543, 678

tension force, 48, 154, 157, 159, 165, 172, 175,

198, 394
the principal axes, 496
thermal fluctuations, 421
thermal reservoir, 422
thought experiment, 103, 140, 396, 399
threshold energy, 87
time dilation, 72, 101, 107, 138
time translation and the Hamiltonian, 259
time-like intervals, 72, 98, 113, 401
time-like separated, 98
topological conservation laws, 267
tornados, 374

torque, 33, 159, 163, 181, 240, 270, 502, 524, 615

transfer orbits, 296, 309

transformation of electromagnetic fields, 324
transient solution, 19

translational symmetry, 258

trapping of charged particles, 348

turning point, 43

turning points, 43, 56, 282, 448, 521, 625
twin paradox, 103

two-body problem, 170, 277, 326

two-slit interference, 203, 213

unbound orbits, 283, 292, 327
uniform acceleration, 310, 359
unit vectors, 23, 53, 657
universal property, 597

variational calculus, 119

variational principle, 63, 119, 137, 156, 186, 193,

321,452
vector potential, 321, 333, 340, 354, 417, 449
velocity transformation, 6, 76, 110
Virgo Cluster, 303
virial of Clausius, 302
virial theorem, 302
viscosity, 9, 671
viscous drag, 9
voyage to Mars, 299

wave equation, 63, 113, 199, 228, 356, 420,
554,563, 571, 634

wave number, 202

weak force, 47

white noise, 423

winding number, 580

work, 36, 172

work—energy theorem, 36

worldline, 98

Zwicky, Fritz, 304
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