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Some books that discuss topics related to those treated in this book are listed below.
They include a wealth of material and problems that the reader may find useful.
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588, 635, 644, 645
reduction, 194
dimensionless, 587, 634
dipole field, 205, 502
Dirac
bra-ket notation, 153, 576
delta, 236, 556, 577, 622, 648, 676
Paul A M, 107, 115
Dirac-Bergmann theory of constraints, 107
direct
problem, 8, 28, 66
product, 744
sum, 707
Dirichlet, Peter Gustav Lejeune, 541
disconnected, 5, 734
discontinuous, 587, 588, 680
discrete group, 723
discrete-time dynamics, 502
discretization, 514, 530, 543
discriminant, 229, 268, 489, 525, 532
disk, 713
dispersion, 538, 560, 564
dispersion relation, 559, 564, 566
energy-momentum, 178, 183, 186
linear, 542
displacement, 584
field, 536
fractional, 632
infinitesimal, 70, 275, 647, 653
vector, 15
virtual, 70, 78
dissipation, 569, 634
function, 225, 240, 245
tensor, 226
dissipative process, 207, 209, 239, 357, 480,
501, 524, 569, 572
driven, 523, 637
divergence, 8, 13, 183, 233, 239, 666
covariant, 715
exponential, 513
integrable, 8, 19, 42
logarithmic, 19, 254, 266
nonintegrable, 59
of series, 137
of time period, 8, 477
of vector field, 500, 525, 639, 648
of velocity field, 599
power-law, 254
theorem, 571, 616, 620
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dodecahedron, 281

domain of dependence, 551

dot product, 99, 650, 678

double pendulum, 430, 504, 533
zero gravity, 517

double-valued, 521

double-well potential, 9, 302, 360

doubling map, 530

drag force, 635, 644

dual vector space, 82, 696

du Chatelet, Emilie, 3

Duffing equation, undamped, unforced, 262

dynamical
information, 341
system, 191, 481
continuous-time, 480
discrete-time, 480, 508, 527, 530
Hamiltonian, 135
variable, 72, 89, 115, 126, 133
dynamics, 309
complex, 531
regular, 390, 430, 481
symbolic, 480
Dyson series, 202
Dzhanibekov
effect, 304
Vladimir, 304

E
Earth, 26, 71
angular velocity, 328
mass of, 27, 57
precession, 286, 300
radius of, 638
rigid body, 300
spin, 300
Earth-Moon-Sun system, 446
eccentricity, 26, 32, 36, 39, 57, 58
vector, 39
ecliptic plane, 24
eddies, 612
recirculating, 636
shedding, 636
standing, 635
effective potential, 34, 37, 312
Ehrenfest, Paul, 386
eigenbasis, 442, 675, 681, 721, 745
eigendirection, 220
eigenfrequencies, 443
imaginary, 444
eigenspace, 316, 397, 673
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eigenvalue, 154, 217, 221, 228, 229, 231,
242,245,279,315,316,342, 355,395
397,402, 426,454, 460,472,475, 476,
497,526, 527, 530, 545, 566, 644, 648,
673,674, 681, 722

degenerate, 226, 280, 289

distinct, 434

Lax, 402

multiplicity, 226

nondegenerate, 397

positive, 442

problem, 280, 387, 396, 397, 402, 442,
443, 445, 545, 648, 672

eigenvectors, 226, 229, 242, 243, 279, 280,
397,402, 426,434, 443, 445, 460, 530,
545, 566, 631, 642, 648, 673, 674, 681

generalized, 227, 461
Lax, 402
linearly independent, 443, 674
eikonal, 412
approximation, 407, 411, 412
equation, 407, 412
Einstein, Albert, 67, 164, 322, 581
Einstein-Smoluchowski relation, 582
elastic solid, 271, 535, 632
elastodynamic wave, 537
electric field, 121, 184, 186, 350, 605, 702,
741
electric potential, 122, 350
electromagnetic
field, 107, 121, 184, 325, 407, 535, 555
field tensor, 184, 186, 701, 741
potentials, 121, 701, 741
wave, 163, 537
electron, 46, 123, 426
electrostatics, 605
element of fluid, 603
elevator, 323, 325, 331
ellipse, 24, 32, 54, 58, 260, 303, 361, 378,
415, 475, 740
arc length, 266
area of, 37
Cartesian form, 33
concentric, 217, 389
invariant, 391
polar form, 32
precessing, 37
rotated, 32
ellipsoid, 526-528, 727
oblate, 18, 300
of inertia, 301
semiaxes, 306

Index

triaxial, 409, 415
elliptic
equation, 541, 564, 569
functions, 18, 254, 416
periodicity, 307
integral, 415, 423
complete, 257-259, 263, 266-268, 307,
385, 386
incomplete, 256, 259, 262,266, 312, 385

Legendre normal form, 256
islands, 485
modulus, 255, 258, 263, 267, 306, 318,
386
embedding, 508, 689, 717, 740
energy, 3, 18,53, 86, 123,246,327,379,409,
504, 530, 592, 644
absorbed, 247
asymptotically high, 516
center of mass, 57
compressional, 618
conservation, 18, 30, 31, 33, 35, 42, 70,
74,117
global, 564
local, 538, 591, 618, 619
Coulomb, 49
current density, 553, 619
density, 553
fluid, 618
dissipated, 240
double pendulum, 459
eigenfunction, 417
eigenvalue, 413
ellipsoid, 302
flux, 553, 619
Helmbholtz free, 152
high, 507, 516, 517
hypersurface, 505, 507
internal, 110, 152, 570, 618, 742
specific, 593
kinetic, 74, 177, 298, 431, 507
fluid, 618
levels, 386
level set, 302
loss, 225
low, 439, 505, 509
monotonic, 6
normal modes, 437
of nutation, 312
of spinning, 312
pendulum, 17
potential, 3, 198, 431
relative, 31, 57
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relativistic, 177, 183
rest, 178
spectrum, 41
rotational, 271
vibrational, 271
stretched string, 538, 551
thermal, 618
total, 31, 57, 398
Enskog, David, 592
enstrophy, 612, 615
enthalpy, 607, 638
specific, 607, 619, 622, 640
stagnation, 608
entropy, 110, 152, 572, 594, 606, 638, 696,
742
advection, 606
advection equation, 623
current, 606
flux, 606
global conservation, 606
increase of, 359
local conservation, 606
production, 606
specific, 593, 606, 610, 623, 639
advection, 630
equation of motion, 80, 394
first order, 628
linearized, 425, 433, 648
equation of state, 591, 593, 594, 606, 618,
628, 633, 696
equator, 328
equatorial plane, 291, 740
equilibration, 573
equilibrium, 3, 5
approach to, 572
distribution, 578
hydrostatic, 593
mechanical, 638
stable, 15, 17,215, 425,433,464, 647,648

state, 696

static, 152, 215, 593

thermal, 581, 593

unstable, 15, 17, 252, 464
equipartition, 581, 618
equipotential, 594, 665
equivalence

class, 741

principle, 27, 45, 71, 321, 323

relation, 724, 728
ergodic, 394
error

margin, 440
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roundoff, 514
essential singularity, 411
ether, 164
Euclidean
group, 730
metric, 132
plane, 716
space, 63, 141, 459, 587, 649, 678, 684,
718,742,743
Euler
3-body problem, 409, 423
angles, 284, 291, 293, 295, 298, 305, 312,
316, 738
conjugate momenta, 312, 317, 318
generalized velocities, 316
singular, 293
four-square identity, 737
Leonhard, 54, 61, 272, 293, 300, 535, 591

point, 330
top, 154, 400, 403, 479, 621
vector, 276, 285
Euler-Fourier formulae, 547, 574
Eulerian variables, 535, 536
Euler-Lagrange equation, 76, 78, 106, 146,
147, 154, 186, 555
for a field, 628
rigid body, 286
Euler-Maupertuis principle, 13, 109, 142,
143
fixed energy, 142
Euler’s equations
barotropic flow, 616, 621, 623, 642
ideal flow, 591
incompressible flow, 625, 639
inviscid fluid, 604, 611, 631
Lagrangian, 643
linearized, 611
rigid body, 273, 297, 298, 305, 308, 318,
399, 621
Hamiltonian formulation, 308
Lax pair, 403
static solutions, 303
torque-free, 400
event, 61, 145, 168, 172, 174, 179, 185, 584
past, future, 62
evolution equation, 30, 124
exact differential, 696, 710, 736
existence, failure of, 199
existence-uniqueness, 201
expectation value, 584
experiment, thought, 323
exponential, 506
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divergence, 496

growth, 444, 497

instability, 500

map, 735, 745

ordered, 449

path-ordered, 449

time-ordered, 138, 448
extremum

constrained, 104, 106

local, 105

of action, 75

of potential, 8, 76

F
factor group, 728, 729
factorization, 565
multiplicative, 417
of a rotation, 293
Fatou set, 531
Feigenbaum constant, 532
Feigenbaum, Mitchell, 480, 491
Fermat, Pierre, 142
Fermat’s principle, 142
ferromagnet, 469
Feynman diagram, 52
Feynman path integral, 75, 154
field, 397, 535, 622, 694
line, 595
magnetic, 153
finite differences, 483, 530, 543, 566, 586
FitzGerald, George Francis, 164
fixed point, 192, 195, 211, 213, 217, 218,
244,245,252, 481, 529
annihilation, 464, 472
asymptotically stable, 218, 219
attractor, 192, 199, 208, 217, 222, 231,
357, 500
global, 192
center, 204, 222
change in stability, 474
classification, 228
continuous family, 358
elliptic, 217
free, 210
half-stable, 196, 465
hyperbolic, 220
isolated, 203, 231
line of, 220, 221, 226, 229, 358, 467
Lyapunov stable, 218
neutrally stable, 220-222
nonisolated, 203, 229, 231
nontrivial, 468, 470, 488, 494, 524, 526

Index

pair production, 464
plane of, 229
repeller, 192, 199, 200, 208, 217, 231, 357

saddle, 220
sink, 231
source, 231
spiral sink, 204
spiral source, 204
stability, 192, 530
linear, 196, 212
nonlinear, 531
stable, 196
stable node, 220
star, 219
symmetrical node, 219
trivial, 488, 524
unstable, 470, 476, 500
X-point, 220
Fizeau, Hippolyte, 164
Flaschka variables, 398, 402
flat manifold, 721
Floquet exponents, 497
Floquet, Gaston, 426, 446
flow
adiabatic, 605, 610, 619
barotropic, 607, 613, 615, 621, 640
commuting, 394
compressible, 598, 600, 610, 633, 640
creeping, 634, 635
detachment, 636
dissipationless, 273, 591, 606
energy, 618
energy density, 618
Eulerian description, 597
gradient, 197, 198, 208
homentropic, 607, 608, 610, 619
ideal, 591, 602, 604
incompressible, 273, 357, 598, 600, 601,
611, 630, 632, 634, 640, 643
constant density, 605, 624
inviscid, 602, 603, 615
irregular, 635
kinetic energy, 618
Lagrangian description, 597
laminar, 463, 591, 596, 609, 632, 634
of vector field, 694
past a sphere, 635
past cylinder, 635
past obstacle, 634
periodic in time, 636
pipe, 632, 634
planar, 612, 641
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Poiseuille, 632
potential, 609, 612, 626
potential energy, 628
regular, 596, 634
separation, 635
shear, 612, 632
steady, 192, 595, 608, 632, 634-636
Stokes, 634, 635
symmetries of, 635
time-reversed, 202
turbulent, 463, 591, 635, 637
unsteady, 609
viscous, 591, 602, 604
visualization, 595
volume preserving, 500
fluctuations, 517
fluid, 271
charged, 622
element, 592, 593, 597, 598, 600, 601
flow, 591
variables, 592
viscous, 581
flux, 46, 553, 602, 615
of angular momentum, 620
of energy, 553, 619
of momentum, 620
focus, 24, 32, 48, 50, 55, 222, 329, 416
common, 29
foliation, 305, 310, 389, 390, 394, 509, 513
force, 2, 3, 66, 146, 537, 722
body, 593
central, 27, 38, 56, 93, 680
centrifugal, 322, 326
complex, 247
conservative, 2, 69, 78, 594
constant, 216
Coriolis, 326
damping, 96, 582
destabilizing, 260
driving, 35, 234, 456, 634
electrostatic, 50
external, 68, 96, 283
fictitious, 93, 321, 322, 325, 326
generalized, 432
inertial, 70, 325
internal, 283
inverse-square, 26, 56
linear restoring, 216, 232
on string segment, 540
periodic, 240
restoring, 3, 428
superposition of, 66
surface, 593
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normal, 602
tangential, 602
time-dependent, 232
velocity-dependent, 146, 327
form invariance, 339
Foucault’s pendulum, 92, 93, 326, 328
precession, 328
four-covector, 180
four-divergence, 183
four-gradient, 183
Fourier
coefficients, 547, 565, 566, 574
conjugate, 154
integral, 235, 560
inversion, 677
Joseph, 536, 573, 591
law, 569, 570, 587
modes, 538, 560, 676
series, 234, 538, 547, 558, 565, 574, 587
space, 677
synthesis, 233
transform, 10, 52, 102, 153, 587, 648, 676,
681
four-momentum, 182
four-vector, 179, 180
energy-momentum, 183
four-velocity, 182, 690
fractal, 211, 480, 493
set, 528
frame, 146, 635
accelerated, 65, 81, 321, 331
uniformly, 321, 322
body-fixed, 274, 288, 399
comoving, 274, 278, 283, 284, 316
corotating, 274, 330
fixed, 273
inertial, 65, 67, 92, 145, 146, 165, 185,
273,282, 321, 328, 331, 332
lab, 146, 273, 275, 278, 316
left-handed, 151, 652
noninertial, 65, 93, 273, 284, 321, 329
of fixed stars, 93
principal axis, 279, 288, 399
rest, 172, 176
right-handed, 315, 652, 661, 680
rotating, 326
space, 273
uniformly rotating, 327
free fall, 44, 304, 331
free particle, 2, 13, 64, 67, 68, 82, 87,91, 93,
126, 138, 160, 245, 358, 361, 370, 371,
377,408, 411, 415, 422, 430, 479
in 1D, 147,413
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in 2D, 419
in 3D, 414, 419
free surface, 594
frequency, 16, 18, 240, 247, 328, 377, 389,
390, 432, 541, 722
amplitude-dependent, 265
angular, 216
emission, absorption, 386
natural, 233, 242
resonant, 247
friction, 6, 44, 194, 239, 245, 314, 533
fluid compression, 630
Galilean boost, 96
layers of fluid, 630
sliding, 212, 522
Frobenius theorem, 394
full width at half maximum, 240, 247
functional, 417
derivative, 556, 625
of configuration space path, 109
of phase space path, 111
of velocity field, 624
function, monotonic, 529
fundamental matrix solution, 396, 402, 452,
457,497, 576

G
Galilean
boost, 81, 91, 93, 94, 168, 170, 325
energy transformation, 332
group, 96, 97
invariance, 69, 93, 272, 284
failure of, 96
relativity, 67, 93, 323
transformations, 96, 151, 168, 174
Galilei, Galileo, 16, 17, 44, 61, 65, 67, 93,
165
Gamma function, 267
gas, 111, 357, 359, 570, 696
Bose, 644
calorically perfect, 639
constant, 582
diatomic, 618
dilute, 631
dynamics, 600
ionized, 535
monatomic, 618, 639
polyatomic, 618
gauge, 643
field, 107, 449
potential, 184, 701, 741
principle, 122

Index

Gauss
Carl Friedrich, 75, 717
divergence theorem, 571, 599, 602, 639,
648, 668, 713, 743
law, 605
Gaussian, 577, 586, 677
curvature, 717
elimination, 519
Fourier transform, 681
integral, 587
propagators, 64
pulse, 550
wave packet, 561
Geiger, Hans, 46
generalized
coordinate, 76
momentum, 82
velocity, 79, 82
generating series, 449
generator, 81, 349, 381, 417, 421
finite canonical transformation, 363, 373,
376, 383, 405
infinitesimal, 350, 352
of a group, 723
of first kind, 365, 374, 375, 381, 383, 401,
421, 530
of fourth kind, 368
of second kind, 366, 367, 373-375, 381,
384, 392, 408, 420
of third kind, 368
genus, 527
geodesic, 138, 409, 415, 716, 717, 720
deviation, 717
deviation equation, 720
equation, 138, 139, 141, 160, 161, 420,
714,720, 743
reparametrized, 144
instability, 320
Jacobi-Maupertuis metric, 144
null, 184
time-like, 184, 186
vector field, 716
geodynamos, 524
geometric sequence, 491
Gibbs, Josiah Willard, 649
Gimbal lock, 292
global attractor, 524
gold atoms, 46
golden mean, 485
Gouy, Louis Georges, 581
gradient, 56, 57, 105, 183, 664, 669, 680
flow, 197, 198, 208, 209, 214
length scale, 407
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of a scalar, 350, 648
vector field, 208, 214
Gram-Schmidt orthogonalization, 498
graph, 488
gravimeter, 17
gravitational
field, 321, 323, 331, 535, 631
force, 15, 26, 311, 322
mass, 323
potential, 27
potential energy, 507
slingshot, 58
wave, 537
gravitation, universal law of, 27
gravity, 16, 107, 428, 523
Probe B experiment, 273
zero, 507
Greene, John M, 485
Green’s function, 236, 246, 575, 605, 625,
648
Green’s theorem, 668
group, 722
GL,(C), 725
GL,([R), 725,726,729, 745
0(2), 744
0(3), 725,733
O (n), 733,745
S, 725
S3, 725, 730
Sn, 744
s, 732
SLy, 450,729
SL,(R), 726, 745
SO(2), 724,744
$0(3),273,275,291, 293, 294, 305, 316,
725,729, 734, 738
SO0 (n), 745
Sp(2n, R), 349, 726
SU(2), 729, 735,737
SU (n), 726
U(1), 645,723,724, 732, 744
U(n), 726,729, 732
Z,, 468
abelian, 744
abstract, 722
action, 726, 732
transitive, 726
alternating, 731
automorphism, 333, 724
canonical transformations, 351, 372
center, 728
commutator, 724
continuous, 725
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cyclic, 723,731, 744
diffeomorphisms, 273
dihedral, 725, 730
discrete, 723, 725
Euclidean, 730
finite, 723
Galilei, 725
homogeneous, 97
representation on space-time, 96
semidirect product, 97, 730
general linear, 733
homomorphism, 723, 728, 744
internal symmetries, 273
left action, 727
Lie, 97, 125, 725
Lorentz, 180
matrix, 373, 725, 735, 745
nonabelian, 351, 372, 730, 733
order, 723
orthogonal, 89, 98, 151, 725
permutation, 730
Poincaré, 180, 730
point, 725
quotient, 728, 744
right action, 727
rotations and reflection, 733
rotations in 2D, 727
rotations in 3D, 291, 730
semisimple, 729
simple, 729
special orthogonal, 89, 98
symmetric, 700, 703
symplectic, 349, 372, 373, 725
transformation, 726
unitary, 726
group speed, 564
group velocity, 538, 560, 566
growth rate, 486
gyroscope, 273

H

Hagen-Poiseuille equation, 633

Hall effect, 123

halo orbit, 330

Hamiltonian, 69, 70, 85, 99, 100, 122, 124,
125, 235, 375, 377, 420, 504, 507, 519

adiabatic flow, 642
barotropic flow, 622

chaos, 480

Clebsch variables, 628
coordinate transformed, 114
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double pendulum, 459, 460
dynamical system, 135
flow, 192
formulation, 341, 572
hermiticity, 447
incompressible flow, 625
independent variables, 99
infinitesimal generator, 351
naive, 108
new, 337, 364, 366, 370
old, 337, 364
operator, 218, 371
quadratic, 343
rigid body, 308
rotating frame, 327
stretched string, 557
system, 430, 496, 501
time-dependent, 100, 408, 448
transformed, 407
vector field, 136, 191, 203, 207, 245, 252,
305, 501, 709
linearization, 245, 358
wave equation, 564
Hamilton-Jacobi equation, 101, 109, 143,
367,381,405,408,411,414,418,420-
422, 504
complete solution, 405, 408, 409, 419
incomplete solution, 408, 421
time-dependent, 417
time-independent, 382, 387, 423
wavefronts, 420
Hamilton’s
characteristic function, 367,382, 385,413,
417,418, 422
equations, 100, 101, 108, 109, 112, 113,
115,116, 122,136, 138, 142, 153, 155,
249,251,308, 335, 339, 343, 364, 370,
371,377,389,402, 408,411, 530, 557,
564, 628, 642
coordinate invariance, 113
formal solution, 137
variational principle, 111, 112
optico-mechanical analogy, 410, 418
principal function, 109, 367, 405, 408,
410, 413,417, 422
variational principle, 70, 75, 417
Hamilton, William Rowan, 61, 75,412, 418,
736
handle, 688
harmonic function, 573
harmonics, 546
Hartman-Grobman theorem, 231, 252, 260
heat, 111, 581, 696, 742
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added, 571, 696, 741
capacity, 618, 638
conduction, 535
diffusion, 536, 569, 630
equation, 541, 565, 571, 575, 586, 588,
630, 648
boundary conditions, 571
conservation form, 587
dispersion, 564
equilibrium state, 574
fundamental solution, 576
polynomial solutions, 588
smoothing, 572, 587
uniqueness, 573, 576
evolution operator, 575
exchange, 606, 638
flux vector, 570, 573, 632
kernel, 570, 575, 576, 578, 586, 587
specific, 587
transfer, conductive/convective, 523
wave, 579
Heaviside, Oliver, 649
Heaviside step function, 572
Heisenberg
equation of motion, 101, 343, 402
uncertainty principle, 72
Werner, 386
helicity, 620, 633, 642, 643
Casimir, 642
density, 99, 620, 641
flow, 612
local conservation law, 621
helix, 666, 679
Helmholtz
decomposition, 624, 643, 667
equation, 541, 564
Hermann von, 613
vortex theorem, 616
Hénon-Heiles system, 463, 480, 504
Hermitian matrix, 219, 242, 344, 397, 672
hermiticity, lack of, 447
herpolhode, 305
Hertz, Heinrich, 75, 79
Hessian, 103, 106, 366, 440, 446, 460
heteroclinic trajectory, 203
Hilbert space, 343, 371, 576
complex, 342
square-integrable functions, 342
Hill, George W, 445, 446, 515
Hill region, 143, 160, 331, 515, 532
homeomorphism, 231, 232, 260, 684, 688,
713
homoclinic
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bifurcation, 477
phenomena, 329, 500
points, 503
tangency, 503
tangle, 503
trajectory, 203, 207, 260, 360, 478
homogeneity, time and space, 62, 68, 69, 93,
96, 726
homogeneous
background, 610
equation, 35
manifold, 726
homomorphism, 731, 737, 744
homothety, 54
homotopic, 691, 741
Hooke, Robert, 3
Hooke’s law, 2, 3, 429, 545, 632
Hopf bifurcation, 475, 526
subcritical, 476, 527
supercritical, 475
horseshoe map, 480
Huygens, Christiaan, 17, 268
Huygens’ construction, 406
hydrodynamics, 600, 619
hydrogen atom, 41, 388, 405, 410, 417
hydrostatics, 593, 603
hyperbola, 33, 50, 361, 415
hyperbolic
equation, 541, 564, 569
fixed point, 220, 231
functions, 319, 740
plane, 719
hyperboloid, 183, 186, 717
hyperelliptic, 518
integral, 264, 507, 520
complete, 522
hypersurface, 127, 418, 430, 502, 504
constraint, 104
energy, 431, 460, 505, 507
invariant, 430
hysteresis, 471, 477

I
icosahedron, 281
ideal gas, 593, 606, 607, 610, 618, 624, 628,
638-640
potential energy, 618
identity element, 723, 727
ill-posed, 572
impact parameter, 41, 48, 507
improper rotations, 735
impulsive force, 236, 484, 648
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inclusion map, 689
incommensurate, 272, 307, 360, 394, 428,
458, 505
independence
functional, 126, 128, 431, 437
linear, 126, 310, 678, 680
statistical, 584
index, 444
discrete, 271
dummy, 83
Greek, 179
Latin, 179
repeated, 83
induction, 396
inequality, saturated, 281
inertia, 2, 537
ellipsoid, 302, 304
semiaxes, 302
law of, 64, 92
metric, 320
moment of, 54, 279, 311
principal axes, 279, 315
middle, 303
principal moments, 272, 279-281, 295,
306, 315, 316, 399
tensor, 277, 278, 282, 283, 287, 399
circular disc, 315
coin, 315
cube, 280
determinant, 316
eigenvalues, 280, 289
eigenvectors, 279
rigid rotator, 315
square plate, 315
trace, 316
term, 194
inertial
coordinates, 166
force, 70, 325, 634
frame, 93, 165, 168, 174, 176, 179
mass, 323
observers, 166
infinite-dimensional, 76, 350, 351, 542, 621,
694
infinitesimal
displacement, 275
generator, 355, 372
process, 696
rotation, 275
translation, 275
infinity, escape to, 479, 507
inhomogeneous, 715
initial
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conditions, 2, 21, 39, 72, 190, 233, 237,
305, 310,415, 430, 435, 450, 530, 572,
578, 587, 657

sensitivity to, 211, 394, 479, 482, 485,
491, 492, 506, 513, 528, 530, 531

phase, 216

state, 481

value problem, 190, 201, 203, 221, 400,
410, 435, 448, 541, 549, 565, 570, 571

values, 341
injective, 670, 680
inner product, 402, 444, 543,576
Euclidean, 319, 434, 498
Hermitian, 342, 344, 732
indefinite, 180
positive-definite, 342, 444, 733
instability, 234, 240, 272, 482
chaotic, 513
exponential, 500
Kelvin-Helmholtz, 637
Rayleigh-Taylor, 637
insulated, 571
integrability, 430, 538
condition, 741
integrable, 479, 484, 505, 676, 696
completely, 388, 406
field theory, 449, 645
Jacobi, 406
Liouville, 378, 388, 406, 410, 416, 433,
505, 509, 517
super, 406
system, 67, 430, 433, 439, 507, 513
integral
curve, 190, 212, 217, 252, 394, 595, 608,
616, 641, 694, 716, 735
equation, 202, 450
linear, 10
nonlinear, 9, 13
invariant, 346, 621
kernel, 10, 575, 576
transform, 11
integrating
denominator, 696, 741
factor, 3, 16, 18, 30,57, 149, 438,551, 696

integration, 20
by parts, 557, 630
constant, 233, 382, 408
numerical, 100, 509
of forms, 712

intensity, 46

intensive variable, 600

Index
interference, 560
interferometer, 164
interior, 713
internal energy, 571, 607, 638
equation, 607, 640
specific, 628
invariable plane, 304
invariance
Galilean, 92
of Hamiltonian, 353
rotation, 48, 89, 554
scale, 53
space-translation, 30, 89, 538, 554, 578,
583, 587

time-translation, 238, 538, 554, 583
translation, 10, 353
invariant
set, 526
subspace, 220, 221, 227, 228
surface, 526
torus, 305, 389, 390
inverse
function, 10, 410
image, 305, 507, 734
problem, 9, 24, 27, 66, 239
scattering, 400
two-sided, 155, 723, 737
uniqueness, 155
involution, 104, 378, 388, 390, 395, 406,
417, 502
irrational, 389, 460, 531
irrotational, 609, 612, 636
isentropic, 607
Ising model, 468
islands of stability, 491
isobar, 594
isochronous, 8, 11, 17, 20, 216, 263, 265,
268
isometry, 180, 186, 349, 459, 700, 717
isomorphic, 670, 697, 724, 744
isomorphism, 180, 294, 402, 698, 730, 735,
744
isospectral, 396, 402
isothermal, 610, 639
isotropic, 50
fluid, 632, 644
matrix, 631
tensor, 631
isotropy, 58
of space, 62, 68, 93, 96
iteration, 480, 488
of a map, 481, 529, 530, 532
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J
Jacobi
Carl, 61, 142, 254, 415
elliptic functions, 254, 259, 263, 267, 306,
318
period, 307
equation, 720, 721
identity, 118, 120, 132, 136, 155, 157, 158,
160, 319, 375, 624, 695,709, 735, 741,
745
in terms of Poisson tensor, 133
integrable, 406
integral, 329
vector field, 720
vectors, 53
Jacobian, 109, 140, 705
determinant, 113, 345, 704
matrix, 113, 205, 230, 245, 260, 319, 349,
355,371, 374,391,450, 474-476, 496,
525,526, 530, 689, 693, 696, 702, 704,
740
inverse, 693, 697, 702
Jacobi-Maupertuis metric, 143, 160, 161,
421,717
inverse, 143
James Webb telescope, 330
jerk vector, 679
Jordan
basis, 454
normal form, 227, 454, 461, 675
real, 454
Joule-Thomson experiment, 618
Julia set, 531
jumps, 471, 476
JWKB approximation, 407

K
Kapitza, Pyotr, 455
KdV equation, 539, 566

Lax pair, 567

linearized, 565
Kelvin, Lord (William Thomson), 613
Kelvin’s circulation theorem, 615, 617
Kepler

constant, 24, 27, 37

first law, 27

Johannes, 24

laws, 24, 56

orbit, 54, 329

second law, 37

third law, 9, 26, 29, 37, 43, 329
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Kepler problem, 54, 58, 126, 147, 268, 353,
361,373,375, 387, 388,401, 406, 423,
479, 507
canonical transformation, 375
hidden symmetry, 125
Poisson algebra, 123, 376
kernel, 309, 319, 670
group homomorphism, 728, 731, 744
heat, 587
integral, 575, 587
linear transformation, 113, 218, 227, 680
Killing vector field, 137
kinematics, 275, 309, 341, 656
kinetic energy, 3, 69, 145
angular, 33
matrix, 437
mean, 581
radial, 33
rotational, 278, 399
translational, 278, 581
kinetic theory of gases, 581, 592, 618
Klein-Gordon field, 537
Kolmogorov, Andrey N, 389
Kolmogorov-Arnold-Moser theorem, 389,
430, 504, 513
Kovalevskaya, Sofya, 272
Kronecker delta, 556, 622, 644, 671

L
Lagrange
Joseph-Louis, 54, 61
multiplier, 61, 105-108, 152, 154, 629
point, 322, 329, 332
theorem, 728, 731
Lagrange’s equations, 75, 80, 108, 138, 139,
411, 420, 432, 535
coordinate invariance, 83, 113
rigid rotator, 316
Lagrangian, 76, 78, 81, 105, 122, 140, 147,
324, 332, 369, 423, 432, 439, 458
acceleration-dependent, 147
Bateman-Thellung, 628, 643
central potential, 89
Clebsch variables, 628
convexity, 102, 147, 153
cubic in velocities, 150
density, 155, 555
description, 535
effective, 106, 457
explicitly time-dependent, 232, 324
heavy top, 311
invariant, 88
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invariant up to time derivative, 91
inviscid flow, 628
linear in velocities, 154, 628
nonunique, 81, 146, 455
quadratic approximation, 440, 455
quadratic in velocities, 87, 138, 143
rigid body, 284
simple pendulum, 250
singular, 106, 108
stretched string, 155, 555
transformed, 113, 370
wave equation, 566
Lamb vector, 605, 630
laminar flow, 463, 524
Landau, Lev Davidovich, 622
Laplace
equation, 541, 569, 573, 588
Pierre-Simon, 586, 610
transform, 235, 246
Laplace-Runge-Lenz vector, 31, 38, 58, 123,
125, 158, 353, 375
Laplacian, 183,565, 575,576,587, 605, 614,
625, 667
laser, 524
latitude, 328, 378, 660
lattice, 583
Laurent series, 680
Lax
equation, 394-398, 400-402, 567
form, 394
matrix, 396, 402
pair, 394, 397, 401, 538
spectral parameter, 400
Peter, 395
leaf, 394
least common multiple, 360, 428, 436
Leeuwenhoek, Antonie van, 581
left multiplication, 727
Legendre
Adrien-Marie, 101
normal form, 266, 423
transform, 101, 106, 123, 152-155, 251,
367,368, 370,374, 375,401, 423, 557,
648
inverse, 104
multivalued, 103, 153
partial, 103
Leibniz
Gottfried Wilhelm, 7, 148
rule, 120, 125, 132, 309, 320, 396, 556,
598,601, 606, 618, 639, 641, 694,715,
716,741,743
length, 742
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length contraction, 171, 172
level
contours, 231, 331
curve, 127, 217, 252, 253, 260, 457, 484,
658, 664
of energy, 518
hypersurfaces, 305, 406, 460, 509
set, 72, 126, 127, 252, 302, 310
common, 127, 305, 388, 390, 509
surface, 526, 665
Levi-Civita
connection, 714
symbol, 99, 132, 157, 294, 318, 399, 403,
678, 679, 704, 736, 742
Tullio, 714
I’Hopital, Guillaume de, 148
libration, 15, 252, 253, 266, 330, 385, 455,
506, 519, 521, 522
Lie algebra, 118, 125, 137, 695, 727, 732,
734,738, 745
canonical transformations, 351, 372
cross product, 403, 735
generator, 125
Lorentz, 180
of vector fields, 624
orthogonal, 734
R3, 294
so(3), 125, 294, 316, 403
so(4), 125
symplectic, 372
Lie bracket, 351, 372, 642, 727, 735, 745
of vector fields, 624, 695
Lie derivative, 640, 694, 695, 714, 741
Lie dragging, 614
Lie group, 125, 137, 725, 745
classical, 725
homogeneous manifold, 727
Lorentz, 180
Lie, Sophus, 725
light cone, 181, 551
light-like separation, 174, 181, 185
light-like vector, 180
light rays, 407
light signal, 168
limit cycle, 204, 208, 209, 211, 214, 245,
357,475, 476, 478, 526
creation/destruction, 477
stable, 204, 205, 475
unstable, 527
limit point, 734
limit theorem, 586
Lindstedt, Anders, 265
Lindstedt-Poincaré method, 264
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line
element, 266, 742
integral, 615, 665
of fixed points, 220, 221
of nodes, 291, 293, 295, 311
spectra, 386
vortex, 613
linear
algebra, 425
combination, 428, 436, 441, 669, 743
equations
auxiliary, 397
coupled, 429
independence, 441, 443, 647, 651, 669,
678
space, 63
superposition principle, 441
transformation, 95, 169, 670, 680, 738
linear combination, 680
linearization, 705
linearized equations, 21, 433, 441, 496, 513,
566, 610, 611
Liouville
1-form, 393
integrable, 329, 395, 415, 502
theorem, 354, 374, 450, 496, 501
volume element, 305, 362
Liouville-Arnold theorem, 385, 388, 391
Lipschitz continuity, 201
liquid crystal, 632
lobe, 528
locus, 505
logarithmic series, 736
logistic
difference equation, 480, 485
differential equation, 466, 486
map, 480, 485, 499, 531, 532
longitude, 291, 378
Lorentz
boost, 174, 176, 185, 186
composition, 180, 186
covariant, 184
force, 2, 184, 186, 326
group, 180
Hendrik Antoon, 164, 169
invariant, 542
scalar, 180
transformation, 169, 170, 174, 179, 185
composition, 180
Lorentzian, 240, 247
Lorenz
Edward Norton, 211, 480, 523
equations, 523
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map, 527
oscillator, 463, 476, 480, 515, 523
vector field, 527
Loschmidt’s paradox, 359
Lotka-Volterra model, competitive, 193
Lyapunov
Aleksandr, 217
exponent, 449, 482, 495, 499, 513, 528,
532
finite-time, 497
largest, 497, 500, 532
positive, 500
vanishing, 500
function, 198, 209, 214, 524, 526
spectrum, 496, 498
numerical, 497
stability, 217
time, 482

M
Mach, Ernst, 163
Mach number, 600, 611
macrostate, 572
magnetic
dipole, 205
field, 18,99, 121, 152, 184, 186, 327, 332,
350, 469, 596, 601, 649, 702, 741
flux, 615
magnetization, 469
magnetohydrodynamics, 622
Magnus series, 138
Mandelbrot, Benoit, 480
Mandelbrot set, 531
manifold, 354, 373, 418, 683, 685, 741
connected, 689, 690
curved, 138
differentiable, 61, 481, 686, 725
disconnected, 690, 713
flat, 718
homogeneous, 726
orientability, 710
Riemannian, 140, 420, 711, 716
simply connected, 690
smooth, 133, 686-688
space-time, 179
stable, 220, 243, 500, 502, 503
symplectic, 710
topological, 688
unstable, 220, 243, 500, 502, 503
with boundary, 713
zero dimensional, 127
map, 481
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between manifolds, 688
bilinear, skew-symmetric, 701
continuous, 305, 734
differentiable, 529
invertible, 481
iteration of, 481
multilinear, 703
smooth, 370, 688, 725, 740, 742
twist, 485
Marsden, Ernest, 46
mass, 2, 16, 62, 93, 537
conservation, 73
local, 591
current density, 602
density, 271, 315, 537, 681
distribution, 279
flow rate, 633
flux, 602
gravitational, 27, 45, 71, 323, 331
inertial, 27, 45, 66, 71, 323, 331
matrix, 103, 138, 143, 160, 440
free particle, 138
position-dependent, 86, 153
molar, 638
molecular, 640
of fluid, 601
point, 315
position-dependent, 147
reduced, 30, 33
relativistic, 177, 178, 182
rest, 177-179
time-dependent, 247
total, 30
Massless particle, 177, 179, 184
mass-shell, 183
mass-shell condition, 186
material element, 597, 600
Mathieu
Emile, 426
equation, 240, 426, 446, 454, 456
functions, 457
matrix, 648, 671, 693, 697
antisymmetric, 319, 395, 401, 402, 438,
719, 734, 745
deficient, 226, 243
diagonal, 438
elements, 441, 459, 575, 576, 745
exponential, 242, 439, 448, 681, 735, 745
group, 373, 733, 745
Hermitian, 434
lower triangular, 543
mechanics, 386
nonsymmetric, 460
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positive-definite, 86, 440, 441
positive-semidefinite, 278, 440, 459
real symmetric, 86, 138, 242, 278, 279,
315,401,438, 445, 459, 460, 566, 675,
681, 721
similar, 396
symplectic, 373
tridiagonal, 398, 545
upper triangular, 226, 227
Maupertuis, Pierre Louis, 61
Maurer-Cartan form, 736, 745
maximum, local, 444
maximum principle, 573, 580, 588
Maxwell
equations, 121, 163, 169, 407, 554, 649
James Clerk, 163, 165
Maxwell-Boltzmann distribution, 359
May, Robert, 480
mean, 583
mean free path, 592
memoryless, 584, 585
Mercury, perihelion precession, 28
meson, 537
metric tensor, 103, 137, 140, 320, 349, 420,
537, 688, 698, 699, 714, 716, 743
conformal, 143, 421
Euclidean, 132, 706
indefinite, 179, 180
induced, 498, 706, 742
inverse, 139
Lorentzian, 180, 699
Minkowski, 180
Poincaré, 743
pseudo-Riemannian, 699
Riemannian, 86, 138, 143, 459, 699
signature, 180
Michelson, Albert, 164
Michelson-Morley experiment, 171
microstate, 572
Milne, Edward Arthur, 167
minimal coupling, 122
minimum, local, 444
Minkowski
Hermann, 179
metric, 180, 186
space-time, 125, 179, 701
mixing, 484
mobility, 582
Mobius strip, 711
modulation, 234
module, 694, 707
moduli, law of, 738
modulo, 484, 530, 732
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Moffat, Henry Keith, 620
mole, 639
molecular dynamics, 569, 592, 631
molecule, 271, 535, 581, 592, 595, 618
diatomic, 425, 458
vibration, 429
moments, 583
momentum, 2, 277
angular, 56, 90, 145, 432
fluctuations, 517
canonical, 123, 153, 325
conjugate, 82, 84, 86, 100, 101, 108, 110,
114, 152, 155,250, 316, 335, 420, 423,
432,558, 565
conservation, 74, 146, 177, 620
local, 591, 619
current tensor, 620, 641
density, 619
diffusion, 523
equation, 619
fluid, 619
flux, 620
generalized, 82, 335
linear, 56, 57, 554
longitudinal, 554
mechanical, 123
new, 407, 409, 418, 422
Newtonian, 175
old, 407, 409
radial, 145
relative, 30
relativistic, 175, 177, 183
rescaled, 483
space, 421, 578, 676
total, 30, 53, 398
transferred, 51
transverse, 554
monodromy matrix, 426, 449, 453,457,461,
480, 530
eigenvectors, 445
spectrum, 454
trace, 462
Moon, 378
Moore, Chris, 54
Morley, Edward, 164
Moser, Jiirgen, 390
multiplication table, 730
multiplicity, 673, 681
multivalued action, 384
multivalued function, 8
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N
Navier, Claude-Louis, 591
Navier-Stokes equation, 591, 630
compressible, 633, 644
existence and regularity, 637
incompressible, 644
vorticity form, 634
network, cell phone, 684
Neumann, Carl, 542
Newcomb, Simon, 28, 300
Newton
equations, 78, 93
noninvariance of form, 83
first law, 2, 64, 65, 92, 138, 146, 169, 184,
185
gravitational constant, 18, 27
Isaac, 28, 61, 64, 148, 411, 591, 610
law of fluids, 632, 644
law of gravity, 9, 27, 71
laws of mechanics, 64, 536
second law, 2, 16, 18, 27, 65, 67, 68, 75,
92, 100, 146, 184, 191, 194, 283, 321,
537, 540, 564, 592, 603, 743
Galilean symmetry, 96
inertialess limit, 194, 198
third law, 27, 44, 71, 164, 284, 429
Newton-Lorentz equation, 121, 122, 152
nilpotent, 701, 708
node, 231, 357, 387
asymptotically stable, 224
degenerate, 223, 227-229, 231
stable, 220, 221, 229, 473, 525
symmetrical, 219, 221, 231
unstable, 221, 229
Noether charge, 156, 373, 565
Noether’s theorem, 30, 88, 89, 125, 151, 156,
353,354, 516, 538, 554, 558, 565, 645

converse, 354

generalization, 91
nonabelian, 724, 725, 744
nonanalytic, 680
nonassociative, 678
nondegenerate, 310, 397
nondispersive, 538, 560, 564
nondynamical, 605
nonintegrable, 406
nonlinear, 519

ODEs, 432

saturation, 197, 212

Schrodinger equation, 644

vector field, 230



778

nonrelativistic
limit, 175, 186
mechanics, 62
particle, 121
nontensorial, 715
norm, 180, 736
normal, 420
form, 378
matrix, 434, 675

mode, 425-427, 430, 434, 435, 439, 442,
443, 458, 460, 505, 509, 538, 546, 574,

648
energy, 436, 458, 460
marginally unstable, 444
periodic in time, 435
plane, 717
reaction, 212
subgroup, 728, 730, 744

vector, 105, 420, 527, 553, 599, 603, 620

nucleus, 46, 51
null
geodesic, 184
separated, 181
space, 218, 226, 229, 309, 670
vector, 180
nullclines, 207, 243
numerical experiments, 490
numerical solution, 514, 517, 533
nutation, 272, 312

(0]
observable, 72, 115, 192, 342, 402, 434
algebra of, 691
measurement of, 342
observation point, 536, 550
observer, 163
accelerated, 323
inertial, 166
noninertial, 283
octahedron, 281
operator
antisymmetric, 543
creation-annihilation, 235
curvature, 719
negative-definite, 545
symmetric, 543
O-point, 217, 252
optical path length, 142
optico-mechanical analogy, 406, 412
optics, 406, 412, 418
geometrical, 412
orbit, 481

aperiodic, 497
bounded, 531
chaotic, 482
circular, 36, 446
closed, 37, 204, 209
diagram, 491
elliptic, 36
equation, 29, 35, 49, 423
Hohmann transfer, 58
hyperbolic, 34, 36, 48, 50
lunar, 445
minimum energy, 34
of group action, 726
parabolic, 34, 36
period four, 490, 531
periodic, 37, 211, 529, 530
stability, 426
unstable, 531
period three, 490, 532
period two, 489, 531, 532
quasiperiodic, 530, 532
straight line, 34
unbound, 34
under a map, 529
unstable, 490
orbital plane, 38, 291
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Ordinary Differential Equations (ODEs), 61,

406
linear
constant coefficients, 425
coupled, 721
homogeneous, 446
periodic coefficients, 426
nonlinear, 411
uncoupled, 538
ordinate, 657
orientability, 305, 710
orientation, 89, 98, 151, 274, 711, 713
orthochronous, 169, 179
orthogonal, 419, 434, 443, 681
group, 733
matrix, 242, 460, 675, 681, 745
transformation, 279, 434, 679, 721
orthonormal, 56, 444
frame, 652
oscillations, 204, 224, 249
damped, 7
driven, 456
driven damped, 239
forced, 232, 246
free, 216
harmonic, 216
in phase, 428
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longitudinal, 537
out of phase, 428
parametric, 455, 456
radial, 34
small, 17, 216, 328, 425, 427, 433, 440,
505, 509, 610, 648
around periodic orbit, 426
stretched string, 155
transverse, 537
oscillator
anharmonic, 3, 19,231, 249, 260, 262, 504

exact solution, 262
coupled, linear, 441
coupled, nonlinear, 430
damped, 244
driven, 237, 246, 264
forced, 211, 247
harmonic, 3, 8, 11, 19, 35, 88, 92, 151,
160, 215, 242,249, 260, 358, 359, 377,
378,383, 386,387,389, 391, 395, 396,
401, 421, 428, 479, 546, 722
aperiodically damped, 224
critically damped, 223, 225, 226, 244
damped, 222, 243, 357, 478
driven damped, 239, 247
energy, 216
energy level set, 127
Green function, 238
isotropic, 38
Lax matrix, 402
overdamped, 224, 244
phase portrait, 217
quantum, 235
trajectory, 243
underdamped, 223, 239
isotropic, 58, 160
Lorenz, 480
van der Pol, 204, 245
osculating circle, 717
outer product, 576
overtones, 546

P
pairing, 83, 695, 696
Pantheon, 329
parabola, 33, 229, 521, 522, 595, 662
parabolic equation, 541, 564, 569
parabolic trajectory, 422
paraboloid, 595
parallel
axis theorem, 279, 311
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translation, 652
transport, 141, 659, 715, 716, 719, 721

parallelepiped, 499
parallelogram, 650, 651, 720

infinitesimal, 310, 719

paramagnet, 469
parameter, 240, 596
parametric

oscillations, 240
resonance, 241, 247

parity, 467, 484
Partial Differential Equation (PDE), 536

linear, 374, 538, 564, 569
nonlinear first order, 319, 405, 408

particle, 644, 678

charged, 152, 186
creation, 179
massless, 184
physics, 537, 620
subatomic, 273
test, 595

particular solution, 35

patch, 508

path integral, 449

pathlines, 595, 597

Pauli matrices, 214, 681, 735, 738
Pauli, Wolfgang, 41

pendulum, 480

bent, 523
compound, 15
coupled, 427, 458
cycloidal, 268
double, 430, 458, 480, 504, 518, 532
phase space, 432
small oscillations, 437, 459, 460
zero gravity, 507, 533
folded, 522
Foucault, 93, 328
inverted, 456, 457
Kapitza, 426, 455
energy, 455
instability, 457
parametric resonance, 456
small oscillations, 455
stability, 456
simple, 14,21,79, 105,231, 249,385,427,
483, 530
angle-action, 401
driven damped, 533
exact solution, 258
Hamiltonian, 251
inertialess damped, 198, 212
Lagrangian, 250
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small oscillations, 401
time period, 258, 266-268, 386
spherical, 15
triple, 459
pentagon, regular, 725
periapsis, 48
perihelion, 32, 34, 37, 38
period
four, 531
of revolution, 24
three, 532
two, 481
period-doubling, 490
periodic
motion, 36, 37, 211, 260, 359
orbit, 37, 481, 529, 531
dense, 484, 492
perturbation of, 445
potential, 446
solution, 497
stability, 453
trajectory, 384, 389, 479
permittivity, 41
permutation
cyclic, 400, 730, 731
group, 744
sign, 731
perpendicular axis theorem, 281
Perrin, Jean, 583
perturbation, 378, 430, 637
singular, 194, 631
theory, 100, 264, 265, 513
quantum mechanical, 265
to periodic solution, 445
Pfaffian differential equation, 696
Pfaff, Johann Friedrich, 696
phase, 560
difference, 58
initial, 247
path, 111,417
plane, 228, 483
point, 379
portrait, 72, 152, 192, 207, 211, 212, 217,
228, 229, 243, 252, 463, 478, 522
shifts, 21
slowly varying, 234
space, 72, 114, 133, 190, 335, 344, 359,
389,430,431, 463, 502, 505, 509, 513,
519, 525, 691, 726
double pendulum, 507
simple pendulum, 251, 252
topology, 249
unbounded, 484
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volume conservation, 448
speed, 560, 564
trajectory, area enclosed, 380, 384
transition, 463
first order, 471
second order, 468, 489
velocity, 538, 560, 566
photon, 18, 52, 177, 179
Picard iteration, 202, 213
Pisa, leaning tower, 44
pitchfork bifurcation, 464, 467, 475
subcritical, 469, 473, 476, 478
supercritical, 468, 473, 475, 524
pivot, 14, 249, 504
plane wave, 560, 564
Planck, Max, 386
Planck’s constant, 18, 65, 154, 165,243, 406,
561
plane, punctured, 691, 740
planetary motion, 24
planetary orbits, 32
plasma, 535
plasma confinement, 480
Plateau’s problem, 75
Platonic solid, 281
Poincaré
group, 180, 730
Henri, 179, 195, 329, 362, 479, 508
integral invariant, 346
lemma, 669, 710
metric, 719, 743
recurrence theorem, 358, 361, 376
return map, 481, 502, 508
section, 502, 505, 506, 508, 518
slice, 509
surface, 431, 502, 505, 508, 532
Poincaré-Bendixon theorem, 209, 210, 503,
504
Poincaré-Birkhoff theorem, 504, 513
Poincaré-Cartan integral invariant, 346
Poinsot construction, 304
Poinsot, Louis, 304
point
charge, 53
group, 725
mass, 648, 681
of observation, 596, 597
particle, 25, 41, 420
transformations, 335, 337, 366, 368, 370,
375
vortex, 613
pointwise multiplication, 342
Poiseuille flow, 632



Index 781

Poisson contravariant second rank, 133
algebra, 745 invertibility condition, 134
angular momentum, 118, 132, 319 nondegenerate, 319
barotropic flow, 621 nonlinear, 133
canonical, 319 theorem, 118, 125, 137
center, 134, 309, 319 polar angle, 291, 660
closed, 125 polarization, 537
degenerate, 134, 309 polar plot, 59
Kepler problem, 123, 125 polar vector, 98, 612
linear, 125, 727 polhode, 304
bivector field, 119, 319 pollen grains, 580, 597
bracket, 115, 154, 156, 157,342,350, 372, polytropic exponent, 624, 642
373,375,388,411,461, 558, 642, 699, population, 486
727 dynamics, 466, 480
adiabatic compressible flow, 623 position
angular momentum, 132, 158 coordinate, 653
antisymmetry, 117, 132, 133 eigenstates, 576
barotropic flow, 622, 642 operator, 587
basic, 117, 119, 336 space, 578, 676
bilinear, 133 vector, 275, 277, 653, 659, 678
canonical, 115, 118, 123, 131, 327, 332, positive-definite matrix, 154, 441, 442
564, 623, 643 positive-semidefinite matrix, 279, 315, 459
Clebsch variables, 627 potential, 2, 143, 407, 411, 460, 468, 478,
equal-time, 340, 375 680, 743
functionals of p, v, 623 attractive, 11
incompressible flow, 624, 642 barrier, 260
inviscid flow, 621 body force, 608
iterated, 118, 137, 160 central, 26, 27, 37, 56, 89, 145, 375
Jacobi identity, 133 circularly symmetric, 415
Landau, 642 Clebsch, 627
Leibniz rule, 117, 133 convex, 9
linearity, 117 Coulomb, 13, 605
Morrison-Greene, 623 attractive, 50
noncanonical, 131, 308, 621, 622, 626 repulsive, 47
polar coordinates, 156 decaying, 13
unequal-time, 157, 341 double-well, 151, 245, 259, 302
commute, 116, 125, 308, 378, 381, 389, effective, 34, 37, 312, 329, 595
390, 416, 505, 507, 517, 621 electrostatic, 605
equation, 52, 569, 605, 624 energy, 3, 69, 198, 564
manifold, 133, 742 density, 619
R?", 133 matrix, 437
R3, 133, 134 even, 10
sphere, 136 external, 96
symplectic leaves, 135, 310 flow, 612, 626, 640
Siméon Denis, 61 gravitational, 27, 34
structure, 133 integrable, 13
degenerate, 308 long-range, 13, 50
tensor, 119, 120, 132, 133, 154, 158, 160, Mexican hat, 444
192,309, 310, 344, 348, 699, 702, 709, Newtonian, 13, 37, 48
727,742,745 nonunique, 9
angular momentum, 319, 320 periodic, 426, 446
antisymmetric matrix, 119, 133 quartic, 260, 415, 423, 469

canonical, 119 repulsive, 11
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Roche, 329
scalar, 121, 184, 624
scale invariant, 53
scattering, 13, 21
sech?, 11, 19, 268
short-range, 51
spherically symmetric, 27
step, 5
vector, 121, 152, 184, 325, 332, 601, 624
velocity, 198, 612
well, 260
infinite, 387
Yukawa, 51
power-law, 42, 579
Poynting vector, 554
Prandtl, Ludwig, 637
Prandtl number, 523
precessing ellipse, 37
precession, 271, 288, 312
back-and-forth, 313
Foucault pendulum, 329
lunar perigee, 28
Mercury perihelion, 28
monotonic, 313
pressure, 110, 152, 592, 593, 602, 604—606,
609, 626, 631, 742
atmospheric, 609
gradient, 638
mechanical, 633
negative, 602
thermodynamic, 633
primaries, 329
principal axes, 58, 272
principal axes of inertia, 279
principal moments of inertia, 279
Principia, Newton’s, 64, 610
principle of virtual work, 70
probability, 583, 585
amplitude, 18, 65
conservation, 447
density, 582, 584, 586, 588
distribution, 584
factorization, 584
relative, 101
projectile, 422
projection, 647, 651, 652, 660, 670, 681
divergence-free, 624, 625
propagator, 64
free particle, Gaussian, 64
proper length, 172
proper time, 172, 176, 182, 184, 690
proton, 449
pseudoscalar, 99, 612

Index

pseudotensor, 99

pseudovector, 98, 99, 612
pullback, 705, 742

puncture, 690

pushforward, 705, 727, 735, 742

Q

quadratic form, 278, 315, 437

quadrature, 8, 35, 149, 194, 235, 256, 257,
312,409,422, 423,433,507, 518, 520,
657

quadric surface, 302

quantization, 41, 386, 387

Quantum Electrodynamics, 52

quantum mechanics, 41, 75, 115, 154, 165,
218,243,341, 371,402,405,410,417,
418, 434, 446, 538, 622

nonrelativistic, 51, 645

quantum number, 388

quark confinement, 449

quasiperiodic, 37, 233, 307, 359, 389, 394,
428, 436, 460, 481, 485, 505, 509, 530

trajectory, 479, 506
quaternions
algebra, 736
imaginary, 738, 745
relations, 738
unit, 737
quintic polynomial, 520

R

radar method, 166

radial, 658
acceleration, 660
component, 326
coordinate, 659, 660, 679
distance, 124

radian, 47, 654

radius of convergence, 137

radius of curvature, 717

random variable, 583, 588
Bernoulli, 585
binomial, 586
continuous, 584
independent, 584, 588

random walk, 569, 583, 588

rank, 310, 671, 681
maximal, 689

rapidity, 175, 180, 186

rate
absorption, 240
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decay, 196, 197, 213, 222, 225, 244
growth, 196, 197, 213, 222, 466
rational number, 531
rational ratio, 37, 436
Rayleigh-Bénard convection, 523
Rayleigh number, 523
ray optics, 101
RC circuit, 195
recurrence, 358, 361
recurrence time, 359, 360, 363
reflection, 89, 98, 99, 151, 275, 612, 725,
730, 734, 745
refractive index, 142
inhomogeneous, 150, 407, 412
regular motion, 436, 479, 505, 533
regulator, 12
relation, functional, 126
relative variables, 29, 375
relativity
Galilean, 65, 67, 68, 174
general theory, 107, 273, 631
principle of, 165, 183
special theory, 62, 67, 164, 174
renormalization group, 491, 570
reparametrization, 109, 140, 184, 240, 247
resistance, 195, 602
resonance, 233, 234, 239, 241, 245, 265
criterion for chaos, 480
energies, 53
overlap of, 506
parametric, 241, 426, 456
resonant amplification, 240, 264
rest frame, 172
rest mass, 177, 184
restoring force, cubic, 260
restoring force, linear, 2, 429, 545, 547
reversible process, 638, 696, 742
Reynolds number, 634, 644
Reynolds, Osborne, 634
Reynolds similarity principle, 634
Riccati equation, 205
Ricci
flow, 570
Gregorio, 714
scalar, 320, 719
tensor, 719
Riemann
Bernhard, 717
curvature tensor, 320, 459, 717, 718, 720
symmetries, 719
surface, 527
Riemannian manifold, 420, 711, 716
right multiplication, 727
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rigid body, 271, 399
angular momentum, 282
conservation, 286, 301
sphere, 302
angular orientation, 291
angular velocity, 293, 294, 316
anisotropic, 280, 301, 305, 318
Euler equations, 319
force-free motion, 318
stability, 318
aperiodic motion, 303
body-fixed frame, 291, 292
center of mass, 315
center of mass momentum, 296
chalkboard duster, 303
coin, 315
collinear, 281
comoving frame, 297
configuration space, 275, 291, 305, 320
corotating frame, 291
corotating principal axis frame, 305
coupling of rotation and translation, 298
cuboid, 303
dynamics, 324
equations of motion, 284
Euler equations, 297
external force, 297
external torque, 297, 304
force-free motion, 286, 305, 316
Hamiltonian, 308, 318
inertial frame, 291
infinitesimal rotation, 293
kinetic energy, 277, 301, 308
lab frame, 292, 297
Lagrangian, 277, 284
noncollinear, 274
periodic motion, 303
phase space, 305
planar, 281
principal axis frame, 297
rotational angular momentum, 296
rotational kinetic energy, 279, 295, 298
spherical, 280
square plate, 315
stable motion, 303
symmetric, 300
tennis racquet, 303
torque-free motion, 301
unstable motion, 303
rigid motions, 346, 730
rigid rotator, 274, 281, 315
angular momentum, 288
body-fixed frame, 287
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configuration space, 274, 291, 316
degrees of freedom, 274
free motion, 287, 288
inertia metric, 320
lab frame, 287
Lagrangian, 316
principal axis frame, 287
torque-free motion, 316
rigidity, 164, 602
ring, 694
ring of functions, 694, 707
Robin, Victor Gustave, 542
Roche, Edouard Albert, 329
Roche effective potential, 322, 329, 332
Roche lobes, 331
rosette, 37
rotation, 15, 93, 95, 253, 274, 292, 345, 506,
519, 522, 658, 719, 736, 738, 745
angle, 274, 656
axis-angle representation, 274, 736, 739,
746
axis of, 274
counterclockwise, 276, 730
finite, 275, 374
generated by angular momentum, 125,
352
hyperbolic, 179, 180
improper, 98, 275, 734
infinitesimal, 89, 275, 287, 352, 375, 516
local, 612
matrix, 89, 95, 98, 276, 292, 294, 681
number, 485
proper, 98, 180, 275, 725, 734, 738, 739
uniform, 287, 522
rotational motion, 516
rotor, kicked, 480, 484
roughness, 480
Routh, Edward, 330
Routh-Hurwitz criterion, 221
Routhian, 103
Routh’s criterion, 330
Rutherford, Ernest, 46

S

Sackur-Tetrode equation, 639

saddle, 717

saddle-loop bifurcation, 477

saddle-node bifurcation, 464, 470, 472
infinite period, 477, 478
normal form, 465
of cycles, 477

saddle point, 220, 221, 229, 231, 252, 260,

358, 360, 444, 473, 525

Index

saw dust, 597
scalar, 40, 649
curvature, 719
field, 354, 593, 644, 647, 664, 680, 690
function, 718
Lorentz, 180
potential, 555
product, 647, 650
pseudo, 99
relation, 40
triple product, 678
true, 99
scaling, 370, 373, 670
scattering, 21, 45, 146
amplitude, 21
Born, 51
angle, 48, 50, 59
back, 48
Coulomb, 46, 59
elastic, 51
forward, 48
hadron-hadron, 53
S-wave, 51
trajectory, 11
Schrodinger
eigenvalue problem, 413, 446, 462
equation, 41, 70, 101, 202, 343, 386, 405,
410, 538, 570, 645
nonlinear, 449, 644
time-dependent, 218,371,411,417, 560,
565
time-independent, 387
Erwin, 418
secular term, 265, 378
seismic wave, 537
self-adjoint operator, 342
self-intersections, 689
semiaxes, 378, 380
semiclassical, 13, 387, 405
approximation, 411
limit, 165, 417
semidirect product, 729, 732, 744
semimajor axis, 24, 33
semiminor axis, 33
separating vector, 720, 722
separation constant, 406, 413, 416, 545, 574

separation of variables, 7,405,406,409,413,
441, 504, 538, 544, 570, 574, 587
additive, 417, 422
multiplicative, 417
separatrix, 193,249,252, 253,259,261, 268,
302, 303, 331, 360, 385, 484, 522
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series, not convergent, 378
set, closed, 734
shadowing property, 514
shear, 602, 612
flow, 632, 637
viscosity, 630
wave, 537
shift map, 531
sign, 731
signal, 62, 550
similarity
mechanical, 43
solution, 588
transformation, 227, 242, 396, 402, 434,
438,444, 454,460,461, 672, 675, 681,
703
simultaneity, 62, 145
relativity of, 167, 172
singleton set, 724
singlevalued, 9, 387
singular
Lagrangian, 106
perturbation, 194
values, 497
sinusoidal forcing, 233
sleeping top, 314
Smale, Steven, 480
Smoluchowski, Marian, 582
smooth functions, 587, 663, 680, 690, 740,
741
space of, 691
solar corona, 330
solar perturbations to Moon’s orbit, 446
solenoidal, 601, 612, 624, 643
soliton, 67
solution
general, homogeneous, 35, 233, 237, 239
not in closed form, 433
particular, 35, 233, 235, 237, 239, 247
static, 72, 75
solvable, 406
sound waves, 163, 537, 600, 610, 640
source, 605
space group, 725
space-like separation, 174, 181, 185
space-like vector, 180
space of paths, 76
space-time, 537
diagram, 166, 181, 184, 185, 551
interval, 185
span, 394, 441, 669
special functions, 255
special relativity, 164
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specific heat, 594, 639
ratio, 606, 618
spectral
decomposition, 220
distribution, 240
parameter, 399, 403
spectrum, 396, 426, 449, 453, 673
expelled from, 611
line, 386
speed, 109, 140, 653
of light, 18, 52, 61, 62, 67, 121, 164, 165,
542
constancy, 171
of signals, 550
of sound, 164, 600
adiabatic, 611, 640
isothermal, 640
of waves in string, 541
terminal, 582
sphere, 291, 305, 310, 319, 508, 687, 688
great circle, 138
n-dimensional, 689
not a group, 727
orientability, 711
particle on, 147, 422, 678
Poisson manifold, 136
Poisson tensor, 136
round, 716
round metric, 706, 742
stereographic coordinates, 740
symplectic tensor, 136, 319
unit, 274, 733, 737
spherical ball, 280
spherical top, 316
kinetic energy, 295
spikes, 269
spin, 468, 620
axis, 316
spinning, 271, 612
spiral, 204, 231, 357
sink, 204, 222, 229, 475, 476
source, 204, 222, 229, 475, 477
spontaneous symmetry breaking, 445, 447,
464, 504, 515, 516, 524, 636
spring, 427, 458
constant, 241, 427, 429
matrix, 440, 460
time-dependent, 247
inertialess, 195
nonlinear, 397
square, completing, 681
stability, 21, 480
asymptotic, 529
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coefficient, 529
exchange of, 466
geodesic, 320
index, 454, 457
islands of, 485
Lagrange points, 330
linear, 196, 197, 201, 525, 527
Lyapunov, 217, 244
marginal, 231
neutral, 217, 229
periodic solution, 445, 453
robust, 230, 231
solar system, 479
structural, 222
stagnation point, 192, 608
standard map, 480, 483, 484, 530
star, 221, 229
state, 72, 133, 147
pure, 341
space, 72, 191, 481, 742
vector, 447, 448
static, 407
static solution, 7, 192, 218, 440, 481
stationary phase approximation, 154, 560
stationary state, 411
statistical mechanics, 101
steady-state, 7, 239
steradian, 46
stereographic projection, 740
Stevin, Simon, 44
stochastic, 479, 569
stochasticity, transition to, 480
Stokes
flow, 634, 635
George Gabriel, 591, 612, 635
theorem, 392, 612, 615, 648, 668, 669,
710,713,743
straight line, 141
strain, rate of, 632
tensor, 632, 644
strange attractor, 528
streaklines, 595-597, 636
stream function, 600, 614
streamlines, 595, 608, 613, 634
stress
compressional, 464
deviatoric, 632, 644
shear, 602
tangential, 603, 604
tensile, 602
tensor, 602-604, 620, 631, 644
deviatoric, 631, 632
symmetry, 631

Index

viscous, 632
stretched string, 271, 536, 537, 564
conservation laws, 553
energy, 551
Hamiltonian, 557
Lagrangian, 555
longitudinal momentum, 538, 554
transverse momentum, 538, 554
transverse vibrations, 539
string theory, 273
stroboscopic, 484, 529
structure constants, 736, 745
subalgebra, 394, 624
subgroup, 723, 731
normal, 728, 731, 744
one-parameter, 732, 735, 745
submanifold, 126, 394, 430, 498, 689, 734
embedded, 689
immersed, 689
subsonic, 600
subspace, 669, 680
sum rule, 500
Sun, 24
mass of, 27, 57
superdiagonal, 461
superfluid Helium, 622
superintegrable, 40
superposition, 146, 360, 505, 548
incommensurate, 428, 460, 509
linear, 37, 66, 232, 234, 350, 442, 544, 560

supersonic, 600
superstable, 482
surface, 717
element, 553, 599, 602
force, 593, 604
normal, 631
tangential, 631
integral, 604, 620, 712
invariant, 527
S-wave, 51
symmetric group, 730, 744
symmetric top, 295, 307
angular momentum, 299
sphere, 317
angular velocity, 299
body-fixed frame, 289
comoving frame, 289, 317
ellipsoid of inertia, 317
Euler’s equations, 299, 317
free motion, 299
heavy
Lagrangian, 311
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locus of tip, 313
nutation, 311
nutation energy, 312
precession, 311
spinning, 311
kinetic energy, 295
precession, 289, 299
precession rate, 290, 296
principal axes, 295
principal axis frame, 289
rigid rotator limit, 317, 318
spherical top limit, 317
spinning, 300
spinning energy, 312
spinning rate, 289, 296
stability, 317
subject to gravity, 311
torque-free motion, 317
Lagrangian, 317
symmetry, 272, 681, 722
canonical transformation, 353
circular, 423
continuous, 212, 354, 459, 538, 725
cyclic, 120, 306
discrete, 212, 354, 467, 524
finite, 125
generator, 354
global, 645
hidden, 123, 125
infinitesimal, 88, 125, 137, 151, 353, 565
left-right, 516, 635
of equations of motion, 43, 87,91, 92, 151

of Lagrangian, 87, 88, 151, 459
of Stokes flow, 635
parity, 467
reflection, 262, 315, 524, 635
rotation, 125, 312, 315, 647
scaling, 43, 57, 373, 588
space translation, 635
spherical, 51
spontaneous breaking, 447, 464, 516, 524,
636
statistical restoration, 636
three-fold, 281
symplectic
diffeomorphism, 393
form, 120, 134, 160, 192, 319, 344, 393,
702,710,711, 726
antisymmetry, 121
closed, 134, 709
on 2,310
gradient, 191
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group, 349, 372
integrator, 100
leaf, 135, 310, 319
manifold, 134, 710
matrix, 372
structure, 134
tensor, 134
canonical, 372
transformation
linear, 349, 372, 373
vector space, 344

T
tangent, 581
plane, 304, 371,717,719
space, 66, 351, 426, 443, 692, 697, 727,
732,734
vector, 66, 108, 141, 420, 496, 692, 719
angle between, 143
Taylor
expansion, 137, 150, 232, 374, 433, 439,
465, 610, 647, 656, 662, 663, 680
Geoffrey Ingram, 18, 637
John Bryan, 483
microscale, 637
temperature, 101, 110, 359, 469, 579, 587,
592, 593, 606, 618, 696
absolute, 152, 571, 581, 638, 742
Centigrade, 571
discontinuous, 572
distribution, 570
equilibrium, 572
Fahrenheit, 571
gradient, 632
atmosphere, 638
Kelvin, 571
tension, 15, 21, 105, 155, 331, 537, 548
stretched string, 539, 564
tensor
algebra, 444
antisymmetric, 151, 319
calculus, 61
contravariant, 698, 705
antisymmetric, 119, 319
second rank, 698, 742
covariant, 698, 705
antisymmetric, 121, 703
positive-definite, 444
second rank, 438, 444, 699, 700
density, 704
fourth rank, 632, 644
isotropic, 631
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mixed second rank, 438, 444, 702, 714

product, 698
rate of strain, 632

symmetric, 86, 151, 319, 631

type, 698
0,4),719
(1,1),718
(1,3),718
(p.q),703
tent map, 492, 495, 531
tetrahedron, 271, 281, 461
thermal
conductivity, 570, 571, 587
diffusivity, 630
equilibrium, 581
global, 359, 593
local, 593, 606, 618
fluctuations, 469
motion, 581, 595, 597
thermalization, 359
thermodynamics

firstlaw, 110, 152,571,607, 618, 629, 638,

639, 696, 742

second law, 110, 152, 359, 629, 638, 639,

696, 741
state space, 696
Thomson, Joseph John, 51

three-body problem, 28, 53, 57, 144, 265,

378, 479, 504

choreography, 54

Euler, 415

Euler solutions, 54, 329

figure-8 solution, 54

Lagrange solutions, 54, 329

planar, 54

restricted, 322, 329, 332
three-rotor problem, 507
Tikhonov’s theorem, 577
time

arrow of, 169

minimal, 148

Newtonian, 142-144, 163

nondimensional, 456

proper, 172, 176

reparametrization of, 160, 240, 247

time-average, 486
time delay, 12, 20
regularized, 12
time-dependence
explicit, 85, 351, 356, 364
implicit, 85
time derivative, total, 365
time dilation, 171

backward, 212, 481, 572
canonical transformations, 340
Hamiltonian, 100
infinitesimal, 116, 157

canonical transformation, 351

linearized, 498

Index

time evolution, 343, 375, 396, 397, 407, 481

matrix, 426, 448, 449, 457, 496, 499, 501,

570
composition law, 450
reproducing property, 450
unimodular, 450
operator, 64, 575
phase volume, 356
via Poisson bracket, 116

time-like

curve, 182, 184
geodesic, 184
separation, 174, 181, 185
vector, 180

380, 522, 547
anharmonic oscillator, 263
elliptic orbits, 36
normal modes, 435, 458
simple pendulum, 16, 253, 386

time series, 481

time step, 498

Toda chain, 402
Toda, Morikazu, 397
top

anisotropic, 280, 318
Euler equations, 301
kinetic energy, 295

heavy symmetric, 272, 311

precession, 288

sleeping, 314

spherical, 280, 281
free motion, 287

spinning, 288

symmetric, 280, 305
axis, 299
free motion, 288

symmetry axis, 312

topological equivalence, 232, 688
topology, 249

change, 506, 635

due to gravity, 311

time-ordered exponential, 451, 461, 497
time period, 5,7, 8, 19, 20, 58,216, 239, 268,

time-reversal, 6, 8, 18, 19,501, 532,570,572

torque, 21, 72, 90, 212, 250, 507, 516, 651
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external, 282, 304, 533
on rigid body, 285, 300
origin, 678

torus, 305, 389, 432,459, 484, 505,507, 527,

620, 688, 690, 691, 726, 742
highly nonresonant, 390

invariant, 305, 390, 391, 394, 430, 509,

510,513
irrational windings, 211, 360
n-dimensional, 391
resonant, 390
trace, 228, 230, 245, 672, 673
of powers, 402

traceless matrix, 358, 395, 396, 447, 448,

462, 496

trajectory, 66, 69, 109, 417, 419, 420, 430,

431, 481, 581, 595, 653, 679

bound, 11, 401

chaotic, 528

configuration space, 72, 419, 505

existence, 147

heteroclinic, 203

homoclinic, 203

irregular, 505

nonunique, 147

parabolic, 422

periodic, 204, 505, 509

phase space, 72, 252, 384

quasiperiodic, 505

shape of, 143

trapped, 210

unbound, 11
transcritical bifurcation, 466, 467, 473
transformation

affine, 95

infinitesimal, 91

invertible, 370

laws, 438

linear, 95

similarity, 703
transients, 194, 239, 494, 532
transition

function, 685-688, 711, 725, 732, 740

libration to rotation, 515, 532

matrix, 449

order-chaos-order, 505, 507, 512, 517

topological, 515
transitive group action, 726
translation, 345, 726

infinitesimal, 372

space-time, 93, 94, 725
transpose, 292, 434, 672
transposition, 730
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transversal, 509
trapped trajectory, 15, 210
trapping region, 210, 211
trapping surface, 527
traveling wave, 548
triangle
equilateral, 54, 730
inequality, 279, 281, 315, 316
isosceles, 565
triangular system, 21, 244, 519, 533
trident, 467
trigonometric
functions, 256, 307, 435, 740
series, 378
Trojan asteroid, 330
Tschirnhaus, Ehrenfried, 148
tunneling, 5
turbulence, 480, 632, 637
decay of, 637
fully-developed, 636
length scales, 637
transition to, 635, 636
turbulent, 524
boundary layer, 636
flow, 463, 637
wake, 635, 636

turning point, 4, 5,7, 9, 20, 34, 243, 262, 520

bifurcation, 465

radial, 41, 388, 401
twin paradox, 171
twist map, 485
two-body problem, 53

gravitational, 94

U
unbounded phase space, 484
unbounded trajectory, 6, 34, 41
unbound orbit, 15
uncorrelated, 482, 506, 513
uncountable, 492
underdamped oscillator, time period, 223
underdetermined, 606
unimodal map, 486, 491, 531
unimodular, 448, 450, 451, 732
uniqueness, 680, 741

failure of, 200, 212, 679
unique solution, 201, 212, 450, 565, 573
unit, 486, 587

CGS, 7

CGS-Gaussian, 121

circle, 733
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Heaviside-Lorentz, 48, 555
interval, 485
quaternions, 745
SI, 7,41
unitary, 450
matrix, 242, 672, 681, 735, 738
transformation, 343, 434
1-parameter family, 343
universal, 42, 44, 491
equation, 537, 539, 569
gas constant, 582, 593
law of gravitation, 24
universality, 480
unstable, 529
upper half-plane, 719

\'%
van der Pol equation, 245
van der Pol oscillator, 480
variable
dependent, 147, 191
independent, 152, 191, 541, 742
variance, 584, 588
variational
derivative, 557
principle, 75, 156
Euler-Maupertuis, 142
phase space, 111, 363, 366, 368
variation of constants, 235
vector, 648, 651
axial, 98
column, 670, 693
contravariant, 82
cotangent, 82
covariant, 82
displacement, 653
identity, 604, 614, 639, 641, 642, 701
normal, 127
polar, 98
potential, 99, 154, 332, 350, 555, 601
pseudo, 98
relation, 40
relative, 29
row, 697
space, 63, 441, 544, 576, 647, 650, 669,
694
complex, 219
tangent, 82, 294, 692
true, 98
unit, 56, 146, 652, 658
vector field, 61, 190, 191, 394, 480, 521,524,
647, 664, 692, 717, 742

Index

action on functions, 694
autonomous, 192, 194, 203
axial, 99
bifurcations, 463, 478
canonical, 160, 192, 394
commutator, 136, 692, 741
components, 693
contravariant, 141, 693
coordinate, 692
coordinate basis, 319, 497
curl-free, 350, 624, 667, 669
discontinuous, 200, 212
divergence-free, 350, 601, 624, 642, 667
fixed point, 192
gradient, 208
Hamiltonian, 136, 203,207,249, 260, 305,
501, 709
Killing, 137
left-invariant, 727, 735
Lie algebra of, 624
linear, 218, 228
linearization, 205, 206, 230, 231
Newtonian, 193
nonautonomous, 193, 232
noncoordinate basis, 692
nonlinear, 193, 230
nonvanishing, 305, 727
one-dimensional, 194
on the circle, 198, 518, 521
on the phase plane, 203
polar, 98
quadratic, 465
singlevalued, 198
smooth, 693
zeros, 192, 522
velocity, 592
addition, 174, 185, 186
azimuthal, 56
diffusion, 630
generalized, 82, 154, 291, 294, 312, 432,
459
gradient, 632
initial, 15
potential, 609, 612, 626
radial, 56, 659
translational, 324
vector, 647, 653, 679
vector field, 98, 593, 595, 605
random, 637
viscosity, 613
bulk, 630, 633
dynamic, 630
kinematic, 523, 582, 630
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shear, 630, 631
volume, 630
viscous fluid, 581
viscous force, 634
viscous medium, 195
voltage, 195
volume, 110, 599, 742
change in, 599
element, 355
flow rate, 633
form, 134, 711
Riemannian, 711
infinitesimal, 500, 525
integral, 604, 620, 712
of phase space, 359, 361
specific, 593
von Karman vortex street, 636
vortex, 612, 635, 637
filament, 616
force, 605, 608, 609, 634, 642
line, 613, 616, 641
point, 613
ring, 613
sheet, 637
street, 636
stretching, 612
tube, 613, 616, 634
strength, 616
vortices, staggered, 636
vorticity, 99, 604, 612, 620, 626, 633, 640,
642, 643, 667
advection, 614
Clebsch variables, 627
diffusion, 634
evolution, 613, 621
viscous, 633
flux, 612, 615
frozen, 614, 615, 617, 640
local conservation, 614, 640
moments of, 614
tensor, 632

w
wake, turbulent, 636
water wheels, 524
wave
blast, 18
electromagnetic, 163
equation, 155, 183, 412, 537, 564, 569,
640
conservation form, 554
conserved quantities, 559, 566
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d’ Alembert, 536, 540, 565, 611
d’Alembert solution, 548, 564
finite differences, 543
first order, 560, 565, 567
integrability, 538
uniqueness, 565
function, 64, 387, 406, 411, 413, 645
matter, 407
mechanics, 51, 418
nonlinear dispersive, 539
number, 541, 546, 559, 564, 648
operator, 183, 548, 565
packet, 538, 560
plane, 387
propagating, 548
right- and left-moving, 538, 549, 560
small amplitude, 537
traveling, 538
vector, 560
wavefronts, 170, 185, 406, 418-420, 560
wavelength, 407, 546
de Broglie, 407
short, 411, 412
wave-particle duality, 420
wedge, 228, 244
wedge product, 128, 159, 345,700,701, 708,
743
(anti)commutative, 708
antisymmetry, 701
p-fold, 703
three-fold, 703
Weierstrass
differential equation, 268
elliptic function, 254, 267
Karl, 254
Weyl, Hermann, 684
Whitney, embedding, 689
Whitney, Hassler, 684
Whittaker’s constant, 416, 423
Wiener, Christian, 581
Wilson loop, 449
wind tunnel, 634
WKB approximation, 407
wobble, 271
work, 3, 69, 146, 177, 186, 285, 571, 647,
655, 666, 696
path-dependence, 69
path-independence, 669
virtual, 70, 78
work-energy principle, 70, 177
world line, 166, 181, 182, 185, 690
Wronskian, 457, 462
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X
x-point, 252

Z
Zermelo’s paradox, 359

Zero
curvature, 397
gravity, 507, 517, 518
locus, 734
mode, 430, 444, 559
zeroth law of mechanics, 63, 580
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