Cambridge University Press & Assessment

978-1-107-03704-5 — Mathematical Methods in Engineering

Joseph M. Powers , Mihir Sen
Index
More Information

Index

Abel equation, 143
Abel’s formula, 211
Abel, Niels Henrick, 143
Abel-Ruffini theorem, 589
Abelian groups, 301
acceleration, 52, 53, 112, 145, 278
centripetal, 52, 53
Coriolis, 52, 53
gravitational, 27, 62
adjoint, 215, 334-337, 339, 345, 349, 384, 385, 471
adjoint operator, 171-173, 334, 336, 337, 340, 348,
350, 417
affine, 36, 39, 147
Airy
equation, 265, 370, 513, 596
functions, 371, 513, 596
Airy, George Biddel, 265
algebraic multiplicity, 441
alias, 33, 37, 43, 48, 55, 66, 67
aliasing, 429, 431, 432
alibi, 33, 37, 40, 55, 66, 415, 444, 470
alternating symbol, 65
amplification, 202
amplitude modulation (AM), 255
analytic, 220, 226, 231, 232, 237
angular speed, 582
anisotropic, 114
antisymmetric
matrix, 396, 397, 522, 531
tensor, 74-76, 78, 89
Apollonius identity, 381
Apollonius of Perga, 381
approximation methods, 219
Askey, Richard, 373
associative, 284, 395
asymmetric
matrix, 396
asymptotic, 222
asymptotic methods, 220
asymptotic series, 219, 593
asymptotic stability, 498, 529, 532
attractive invariant manifold, 535

attractor, 500, 529

strange, 569
augmented matrix, 590
autonomous system, 504, 529

backward Euler method, 530, 576
ball
closed, 289
open, 289
Banach space, 290-292, 297, 298, 333
Banach, Stefan, 290
basin of attraction, 529
basis, 286, 358
orthonormal, 314
basis function, 297, 310-313, 315-320, 350,
361-363, 374, 375, 382, 383, 387, 492, 494, 495,
559, 560
basis vector, 47, 48, 54-56, 65, 78, 84, 286, 307-309,
313, 314, 343, 379, 382-384, 438, 457, 458, 566
contravariant, 44, 45, 54, 326
covariant, 44, 45, 55, 57, 326
reciprocal, 55, 325, 327-329, 349, 350, 379,
383
Bayes, Thomas, 593
ber and bei functions, 193
Bernoulli equation, 125, 143
Bernoulli, Jacob, 125
Besicovitch, Abram Samoilovitch, 501
Bessel differential equation, 189
Bessel function, 215
modified of the first kind, 192, 237
modified of the second kind, 192, 237
of the first kind, 191
of the second kind, 191
of the third kind, 192
Bessel, Friedrich Wilhelm, 189
bifurcation, 500, 554, 555, 562
diagram, 500, 555, 557, 558, 564, 573, 578-580
Hopf, 558
parameter, 555, 578-580
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point, 555
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bifurcation (cont.)

saddle-node, 557

subcritical, 564

supercritical, 567

transcritical, 556
bijection, 331
binormal, 88, 90
Bjerhammar Arne, 467
Blasius equation, 574
Blasius, Paul Richard Heinrich, 574
Bode

magnitude plot, 205

phase plot, 206
Bode, Hendrik Wade, 205
Boltzmann, Ludwig Eduard, 145
boundary layer, 256-262, 273
boundary value problem, 160, 202

Christoffel symbols, 49, 50, 64
Christoffel, Elwin Bruno, 50
Clairaut equation, 134
Clairaut, Alexis Claude, 134
collocation method, 360, 361, 368, 376
column
buckling, 217
deflection, 217
column space, 358, 359, 392-394, 399403, 405,
408, 436, 438, 441, 456, 457
column vector, 390, 392-394, 401, 402, 404, 422,
428, 444, 450
commutative, 284, 395
commutative ring, 283
commutator, 476
compact, 331
compact support, 359

bounded complement, 279
operator, 332 complementary function, 146-151, 155, 156, 158,
set, 280 159, 169, 176, 177, 180, 182-190, 201, 202, 204,

brachistochrone, 62
Brillouin, Léon, 263

calculus, 18

multivariable, 1

of variations, 1, 22,292, 372

Euler-Lagrange equation, 24

Cantor set, 501
Cantor, Georg Ferdinand Ludwig Philipp, 501
Cartesian

index notation, 64, 83, 110, 111

product, 280, 284

tensor, 64

vector, 64, 67
catenary, 26
Cauchy

principal value, 282, 379, 595

root test, 221

sequence, 289, 295-297, 380, 381, 383
Cauchy, Augustin-Louis, 154
Cauchy-Green tensor

left, 454, 455, 476

right, 454, 455, 476
Cauchy-Schwarz inequality, 298, 299, 302, 303, 379
Cayley, Arthur, 410
Cayley-Hamilton theorem, 410, 411, 473
center, 532, 533, 538
center manifold

projection, 565

theorem, 566
chain rule, 35, 49, 59, 87, 202, 512
chaos, 373, 569

polynomial, 279, 373, 377, 388
characteristic equation, 144, 150-152, 212

matrix, 77, 79, 151, 155, 203, 209, 210, 344, 345,

371, 410, 473

ordinary differential equation, 150
Chebyshev equation, 182
Chebyshev, Pafnuty Lvovich, 182
Cholesky decomposition, 397, 434, 435
Cholesky, André-Louis, 397

211-213, 272
complete, 281, 289
complete set, 314
completeness, 330
complex conjugate, 150, 151, 290, 297, 298, 339,
343, 345, 346, 348, 417, 444, 599
complex matrix, 416
complex number, 280, 283, 285, 340, 598
condition number, 410, 488
conduction, 217
conductivity
thermal, 217,278
conjugate transpose, 342, 345, 416, 418, 450
conservation
energy, 28, 249
conservative, 113, 543
field, 94
system, 529
constraint, 20, 21, 28-30, 60, 63, 214, 292, 334, 391,
437, 547-549, 579
nonlinear, 548
continuum mechanics, 49, 78, 98
contraction, 82
double, 75
contravariant, 35, 43, 64, 66, 67, 73, 326-328
control system
linear, 581
convection, 217
convergence, 219, 290, 297, 315, 330
exponential, 313, 321
radius of, 221, 231
spectral, 313, 321
Weierstrass M test, 228
convex, 21, 286, 287
coordinate system, 36, 43, 47, 55, 67, 73, 82, 328,
420, 523
Cartesian, 43, 46, 48, 61, 64, 67, 84, 95, 110-112
cylindrical, 40, 50-52, 61, 113
elliptic spherical, 61
general, 64, 84
non-Cartesian, 43

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781107037045
www.cambridge.org

Cambridge University Press & Assessment

978-1-107-03704-5 — Mathematical Methods in Engineering

Joseph M. Powers , Mihir Sen
Index
More Information

nonorthogonal, 54, 57, 327
orthogonal, 47
orthogonal bipolar, 62
orthogonal curvilinear, 58
orthogonal parabolic, 62
polar, 40, 4648
right-handed, 68, 70
spherical, 61
Coriolis, Gaspard-Gustave, 52
cosine integral function, 594
countable, 280
covariant, 35, 43, 64, 66, 67, 73, 326-329
Cramer’s rule, 7, 14, 37, 148, 308, 407, 589,
600
Cramer, Gabriel, 7
critical point, 508, 529, 573, 575-582
critically damped, 204
cross product, 82
cube, 112, 502
curl, 62, 95,98, 111, 114
curvature, 86, 90, 100, 112-114
field, 507, 508
Gaussian, 103, 286
mean, 104
principal, 103
cylinder, 16, 18, 61, 113, 114

D Operator, 166
damped
critically, 204
over-, 204
under-, 204
damping coefficient, 203
de Moivre’s formula, 150, 322, 324, 599
de Moivre, Abraham, 150
deformation, 416, 439, 440, 444, 523
extensional, 78
shear, 440
delay differential equation, 140, 144, 145
method of steps, 141
delta
Dirac, 161, 376, 596
distribution, 596
Kronecker, 32, 50, 65, 171
density, 62, 114
probability, 378
Descartes, René, 31
determinant, 14, 68, 70, 71, 148, 149, 176, 391, 392,
396, 399, 407, 411, 418, 452, 456, 469, 471, 498,
509, 546, 565
Jacobian, 8, 10, 11
diagonal matrix, 396, 399, 432, 434, 436, 441, 442,
450, 464, 475, 506, 522, 525
diagonalization, 441
diameter, 289, 498
difference equation, 497
linear, 146, 207
nonlinear, 207
differential equation
constant coefficients, 149
delay, 140

Index 611

partial, 559
singular, 132
variable coefficients, 154
differential geometry, 64, 84, 115
differential-algebraic system, 510, 512, 545, 548
linear homogeneous, 545
nonlinear, 548
diffusion, 99
Dirac delta, 161, 376, 596
Dirac, Paul Adrien Maurice, 161
direct sum, 285, 393
direction cosine, 67, 68
Dirichlet conditions, 177
Dirichlet, Johann Peter Gustav Lejeune, 177
dissipation, 28
dissipative, 498, 530, 531, 536, 537
standard map, 501
system, 529
distance, 26, 31, 32, 34, 35, 39, 84, 85, 96, 280, 289,
291, 292, 380, 559
distributive, 395
div, 95
divergence, 62, 98, 111, 114, 530
tensor, 98
theorem, 94, 105-108, 114
vector, 98
domain, 280, 331
dot product, 34, 55, 82,297, 300, 325
dual basis, 324, 383
dual basis vector, 55
dual vector, 76
Duffing equation, 248, 540, 542, 579
Duffing, Georg, 248
Duhamel, Jean-Marie Constant, 114
dummy index, 34
dummy variable, 18, 20
dyadic product, 395
dynamical system, 497, 501, 529, 530, 534, 545,
547, 549, 551, 554, 562, 565, 577, 580
nonnormal, 538
dynamics, 204, 205, 378, 529, 536, 539, 549, 562,
566, 567
fast, 535
global, 549, 553
nonlinear, 373
slow, 535, 537
system, 161, 203

eigenfunction, 169-171, 177, 178, 182-189, 214,
305, 340, 347-350, 356, 385, 386, 389, 482485,
487, 492, 493, 495, 496

eigensystem, 345

eigenvalue, 21, 77,79, 153, 169, 170, 176, 201, 214,
279,287, 339, 340, 342-348, 350, 352-356, 370,
371, 385, 386, 388, 390, 399, 410, 417, 418, 421,
442, 450, 472475, 480, 482-487, 495, 506, 507,
512, 515-519, 522, 523, 525, 528, 530-532, 536,
546, 547, 558, 563-566, 570

generalized, 414, 546, 548
left, 472
right, 346, 472
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eigenvector, 77,79, 153, 339, 340, 342, 343, 352,
355, 357, 358, 385, 390, 399, 410, 412, 413,
418-422, 426, 441-448, 450, 451, 464, 469,
472-475, 483-485, 491, 493, 506, 515-520, 532,
565, 566, 575

expansion, 355, 357, 358, 386
generalized in the first sense, 344, 519
generalized in the second sense, 414, 415, 546,
548, 549
left, 77, 342, 344-346, 410, 413, 472
right, 77, 342, 344, 345, 410, 412, 413,
472

Einstein notation, 32-35, 65, 74

Einstein, Albert, 31

elastic beam, 389

elasticity, 480

electromagnetics, 480

ellipse, 17, 18, 112, 113, 331, 334, 445, 549

Emden, Jacob Robert, 212

empty set, 280

energy

kinetic, 28, 216, 249, 251, 543, 544

mechanical, 216, 251, 544

potential, 28, 216, 249, 251, 543, 544
energy conservation, 28

mechanical, 249

engineering, 1,20, 31, 49, 64, 99, 115, 146, 165, 169,
189, 195, 202, 219, 220, 240, 247, 279, 359, 390,
426, 497, 503, 528, 539, 559, 593

equilibrium, 22, 500, 504, 505, 507, 514, 526,
528-530, 533-535, 537, 538, 541, 546, 548-550,
552,553, 556-558, 561, 562, 564, 565, 568-572,
582

error function, 217, 262, 594, 601

complementary, 594
imaginary, 186, 232, 594

Euclid of Alexandria, 31

Euler angles, 421

Euler axis, 421

Euler method

backward, 530, 576
forward, 522, 575

Euler’s formula, 598

Euler, Leonhard, 24

Euler-Bernoulli bending theory, 389

Euler-Cauchy equation, 154, 212

Euler-Lagrange equation, 24, 61

exact differential equation, 120

existence, 7, 8, 78, 136, 180, 200, 225, 354,

360
local, 2,7

exponential convergence, 313, 361

exponential integral function, 189, 594

extrema, 21

factorial function, 270, 593
Feigenbaum’s constant, 573
Feigenbaum, Mitchell, 573
field, 283-286, 295, 380
gravitational, 583
scalar, 92, 94, 113

vector, 92-95, 97, 104-107, 109, 110, 113, 114,
505, 507, 508, 529, 530, 533, 534, 538, 555, 558,
573,575, 576, 578

velocity, 100, 101, 114

filter
low pass, 206
finite difference, 207, 208, 210, 359, 361, 497, 522,
559
explicit, 208, 522, 530
implicit, 530
finite dimensional vector space, 299
finite element, 285, 289, 359, 361, 363, 372, 559
first law of thermodynamics, 114
first-order ordinary differential equation, 115
existence, 136
uniqueness, 136
fixed point, 498-500, 504, 505, 509, 512, 529, 549,
553,573
fixed point at infinity, 549
Poincaré sphere, 549
projective space, 553
fluid, 62, 278, 562
mechanics, 114
force, 28, 63, 114,204

centrifugal, 582

damping, 203

drag, 145

gravity, 582

spring, 203, 204, 248

surface, 98

transverse, 389

viscous, 278

forced convection, 217
forward Euler method, 208, 522, 575
four fundamental subspaces, 392
Fourier series, 146, 169, 193, 194, 215, 281, 314,
321, 322, 324, 350, 375, 490-493, 495, 560
trigonometric, 215
Fourier transform, 427

fast (FFT), 426

slow (SFT), 426

discrete (DFT), 390, 426, 428, 430432, 474, 539

inverse (IFT), 427

Fourier’s law, 114

Fourier, Jean Baptiste Joseph, 114
Fourier-Bessel series, 215, 216
Fourier-Chebyshev series, 215, 216
Fourier-Hermite series, 215, 216
Fourier-Laguerre series, 216
Fourier-Legendre series, 215, 216
Fourier-sine series, 215, 216, 314, 317-319, 356
fractals, 497, 501

Fredholm alternative, 356

differential equations, 200

integral equations, 490

linear algebra, 408, 472

Fredholm equation, 481

first kind, 481, 487

homogeneous, 481

inhomogeneous, 487

second kind, 481, 482, 489
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Fredholm, Erik Ivar, 200
free index, 65
Frenet, Jean Frédéric, 89
Frenet-Serret relations, 89
frequency, 145, 146, 157, 195-197, 204-207, 210,
216, 248, 252,265, 277, 361, 378, 426, 503, 539,
540
natural, 202, 204, 206, 216, 539
resonant, 202, 206
frequency modulation (FM), 252
friction, 62
coefficient, 278
Frobenius, Ferdinand Georg, 232
function, 280
functional, 23, 60
dependence, 7, 13, 14, 32
equation, 224-226
fundamental matrix, 521
fundamental theorem
of calculus, 20, 123
of linear algebra, 393

Galerkin method, 360-364, 366, 369, 371-373, 376
Galerkin, Boris Gigorievich, 360
gamma function, 246, 270, 593
Gauss’ theorem, 105, 106
Gauss, Johann Carl Friedrich, 106
Gaussian distribution, 374, 377, 378
Gaussian elimination, 308, 405, 407, 432, 590, 600
Gelfand’s formula, 411
Gelfand, Israel, 411
generalized eigenvector, 472
in the first sense, 344, 447
in the second sense, 414
generalized inverse, 468
geometric multiplicity, 441
geometric series, 461
geometry, 1, 64, 115, 415, 497, 535, 559, 562
differential, 64, 84, 115
Euclidean, 279, 299
non-Euclidean, 279
three-dimensional, 114
Gibbs
notation, 32, 34, 35, 38, 41, 46, 48, 74, 308, 390,
483
phenomenon, 215, 315
Gibbs, Josiah Willard, 32
Givens rotation matrix, 422
Givens, James Wallace Jr., 422
global stability, 541, 542
grad, 95
gradient, 44, 62, 95, 114, 507
scalar, 96
vector, 97
velocity, 101
Gram, Jgrgen Pedersen, 304
Gram-Schmidt procedure, 304-306, 368, 382, 383,
404, 438, 440, 474
Gramian matrix, 308
gravity, 62,277,278, 582
greatest lower bound, 280

Index

Green’s

613

function, 146, 160, 161, 173, 174, 213, 214, 217,

338, 339, 480, 486
identities, 108
theorem, 104, 114
Green, George, 104
Green-St. Venant tensor, 455, 476
group theory, 301

Hamilton, William Rowan, 410
Hamiltonian, 543, 544, 548, 576
system, 543, 548
Hankel function, 192
Hankel, Hermann, 192
Hausdorff, Felix, 501
Hausdorff-Besicovitch dimension, 501, 572
heat, 145
conduction, 114
equation, 559, 561, 562, 581
generation, 217
radiation, 480
Heaviside function, 162, 596, 597
Heaviside, Oliver, 162
Heiles, Carl Eugene, 576
Heisenberg uncertainty principle, 301
Heisenberg, Werner Karl, 301
helix, 90
Hénon map, 500, 573
Hénon, Michel, 500
Hénon-Heiles system, 576
Hermite equation, 185
physicists’, 172, 185
probabilists’, 187
Hermite, Charles, 185
Hermitian
matrix, 418, 425, 435, 453
transpose, 289, 416-418, 420, 422, 435
Hesse, Ludwig Otto, 21
Hessenberg form, 456
Hessenberg, Karl, 456
Hessian matrix, 21, 103, 286, 287
heteroclinic
connection, 534, 537
orbit, 573
trajectory, 533-538

Hilbert space, 298, 299, 301, 303, 317, 331, 333,

340, 381, 382, 384, 419
Hilbert, David, 297
Hilbert-Schmidt theory, 337, 491
Hoene-Wroniski, Jozef Maria, 148
Holder inequality, 299
Holder, Otto, 299
homeomorphism, 331
homoclinic trajectory, 533
homogeneity, 147
homogeneous, 118, 146, 147, 211, 545,
559
equations, 515
function, 118
Hopf bifurcation, 558
Hopf, Eberhard Frederich Ferdinand, 558
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Householder reflection matrix, 423 intersection, 279
Householder, Alston Scott, 423 interval, 280
hyperbolic closed, 280
function, 62, 131, 593 open, 280
point, 532 invariant
hypergeometric function, 238, 246, 595 manifold, 529, 553
confluent limit, 596 principal, 114
Kummer confluent, 186 tensor, 76, 77,79, 80, 112
Tricomi confluent, 189 inverse, 33, 34, 36, 59, 76, 198, 328, 331, 337, 355,
359, 397-399, 436, 443, 473, 492, 506
ideal gas, 62 additive, 75
idempotent, 396 Fourier transform, 427
identity element function theorem, 11, 12
addition, 284 generalized, 468
multiplication, 284 operator, 337, 338
identity matrix, 32, 396, 397, 422, 433, 434, 436, pseudo, 467, 487
438, 492 invertible, 331
identity operator, 332 involutary, 71, 396, 423
image, 280, 331, 470, 473 irregular singular point, 237
imaginary error function, 186, 232 irrotational, 114
implicit function, 1 iterated map, 497, 501, 504
implicit function theorem, 2, 59 Gaussian, 573
multivariable, 6
index Jacobi, Carl Gustav Jacob, 8
free, 65 Jacobian, 8, 11-13, 34, 36, 59, 66, 73, 97, 527, 565
repeated, 65 determinant, 8, 10, 11, 14, 15, 33, 38, 41
indicial equation, 233 matrix, 8, 34-37, 39, 41, 61, 62, 498, 526, 532,
inertia, 247, 278 535, 536
tensor, 114 Jeffreys, Harold, 263
infimum, 280, 379 Jordan canonical form, 447, 474, 475, 518
infinite series, 176, 180, 181, 191, 193, 197, 224, Jordan, Marie Ennemond Camille, 447
240, 360 Julia set, 503
inhomogeneous equation, 525 Julia, Gaston Maurice, 503
initial transients, 205
initial value problem, 165, 202 Kalmén, Rudolf Emil, 461
injection, 331 Kalman filter, 461
inner product, 82, 171, 215, 297, 298, 300-304, 308,  Kelvin function, 193
316, 325, 335, 336, 359, 364, 366, 374, 376, Kepler’s second law, 583
379-381, 383, 385, 392, 395, 416, 490, 560 Kepler, Johannes, 583
tensor, 75, 76, 412 kernel, 332, 480-482, 484, 486
inner product space, 297, 380, 381, 383 degenerate, 482, 483
inner region, 257 symmetric, 337, 494, 495
integral asymptotics, 268 kinetic energy, 27, 28, 216, 249, 251, 543, 544
integral equation, 275, 337, 480 Koch curve, 502
degenerate kernel, 482 Kramers, Hendrik Anthony, 263
Fredholm equation, 481 Kronecker delta, 32, 50, 65,171
homogeneous, 480 Kronecker, Leopold, 32
kernel, 480 Kummer, Ernst, 186
separable kernel, 482
singular, 481 Lagrange multiplier, 1, 28
Volterra equation, 481, 495 Lagrange, Joseph-Louis, 24
integral equations, 161 Lagrangian, 27
integral operator, 336 Laguerre equation, 188
integrating factor, 122-124, 126, 128, 142, 172 Laguerre, Edmond Nicolas, 188
integration Lane, Jonathan Homer, 212
by parts, 23, 173, 335, 336, 338, 348, 359, 363,560  Lane-Emden equation, 212
Lebesgue, 280, 282 Laplace’s method, 268, 270, 277
rectangular rule, 484 Laplace, Pierre-Simon, 62
Riemann, 280, 281 Laplacian, 62, 99, 111, 385
integro-differential equations, 480 law of cosines, 68-70, 73
interior layer, 261 L - D - U decomposition, 432
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least action principle, 27, 28
least squares method, 361, 390, 458, 477, 478
unweighted, 459
weighted, 321, 460
least upper bound, 280
Lebesgue
integral, 280, 282
space, 300
Lebesgue, Henri Léon, 280
Legendre
differential equation, 179
polynomial, 180, 191, 194, 195, 197, 214, 305
Legendre, Adrien-Marie, 179
Leibniz rule, 18-20, 59, 110, 137, 162
multiple independent variables, 110
one independent variable, 18
Leibniz, Gottfried Wilhelm, 18
level set, 102
Levi-Civita symbol, 65
Levi-Civita, Tullio, 65
I’Hoépital’s rule, 222
light, 62
speed of, 62
Lighthill’s method, 247
Lighthill, Michael James, 247
limit cycle, 252, 253, 256, 539, 540
limit point, 289
Lindstedt, Anders, 247
line integral, 92, 93, 104, 109
linear algebra, 34, 37, 77, 152, 308, 309, 369, 371,
390-392, 406, 408, 497, 506, 507, 521, 562
linear analysis, 55, 169, 200, 279, 390
linear combination, 45, 48, 65, 147, 155, 157, 162,
176, 184, 286, 304, 307, 314, 353, 371, 379, 381,
383, 393, 394, 404, 406, 408, 477, 511, 518
linear control system, 581
linear differential equation, 146-147
first-order, 123
linear independence, 54, 146, 148, 149, 242,
317
linear operator, 147, 160, 166, 170, 279, 330, 332,
339, 354, 385, 390, 394, 417
unbounded, 332
linear oscillator, 146, 175, 177, 210, 539, 548
linear space, 284
linear stability, 532
linear system of algebraic equations, 390
over- and underconstrained, 405
overconstrained, 400
square systems, 406
underconstrained, 12, 13, 403
linear system of differential equations, 514
homogeneous with constant coefficients, 152,
515
inhomogeneous with constant coefficients, 525
linearization, 1-6, 13, 14, 41, 219, 240, 279, 505,
528, 556, 557, 561
linearly dependent, 148, 286, 358, 589
linearly independent, 45, 147, 212, 286, 304-310,
319, 355, 358, 360, 365, 368, 380, 383, 393, 403,
441, 442, 447, 458, 596

Index 615

Liouville, Joseph, 170

Lipschitz condition, 133

Lipschitz, Rudolf Otto Sigismund, 133
local form, 532

logistics map, 498, 573

Lorenz equations, 562-569, 571, 572, 581
Lorenz, Edward Norton, 562

low pass filter, 206

Lyapunov function, 541-543, 555, 577, 578
Lyapunov, Alexandr Mikhailovich, 541

Mandelbrot set, 503
Mandelbrot, Benoit, 503
manifold, 529
attractive, 535
invariant, 529
stable, 533, 538
unstable, 533, 538
mapping, 11-13, 22, 40, 320, 328, 331, 415, 416,
428, 440, 444, 445, 498, 530, 550, 553
alibi, 416, 440, 444, 446, 447, 453, 470
identity, 45
inverse, 12, 13, 33, 553, 554
mass, 27, 62, 145, 203, 216, 248, 277,278
mass-spring system, 146, 169, 216
damped, 161, 252, 542
damped and forced, 203, 204, 539, 540
undamped, 248, 543
matched asymptotic expansion, 256
matrix, 384
addition, 392
adjoint, 471
antisymmetric, 396
as a linear mapping, 415
asymmetric, 396
cofactor, 399
commutator, 476
complex, 416, 417
condition number, 410
decomposition, 432
diagonal, 385, 396, 399, 432, 434, 436, 441, 442,
450, 464, 475, 522
exponential, 462, 470, 574
fundamental, 521
Givens rotation, 422
Gramian, 308
Hermitian transpose, 416
idempotent, 396
identity, 32, 396, 397, 422, 433, 434, 436, 438, 492
inverse, 398, 471, 473
involutary, 71, 396, 423
Jacobian, 61, 62, 69, 535, 536
lower triangular, 397
minor, 399
multiplication, 394
nilpotent, 396, 470
nonnormal, 524
orthogonal, 36, 70, 342, 419-421, 423, 446, 450,
451, 464-466, 474
permutation, 397, 420, 432, 433, 435, 436
positive definite, 397
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616 Index

matrix (cont.)
projection, 309, 390, 397, 401, 432, 456, 477
rank, 392
reflection, 71, 420
rotation, 70, 71, 420422, 453, 454, 522
similar, 399, 454, 475
skew-symmetric, 396
spectral norm, 410
spectral radius, 410
square, 391, 395-397, 410, 432, 433, 441, 447, 456
symmetric, 42, 335, 396, 464, 471
trace, 411
transpose, 396
triangular, 397
unitary, 419, 420, 422, 428, 450, 453, 456, 474,
522
upper triangular, 397
matrix decomposition, 390, 432
Cholesky, 397, 434, 435, 475
diagonalization, 441
Hessenberg, 456, 474
Jordan canonical form, 447, 474, 475
L-D-U,432,475
P-1.L.-D-U, 474,476
polar, 453
Q - U, 439,470, 474, 475
row echelon form, 435, 474
Schur, 449, 474, 475
singular value decomposition (SVD), 390, 450,
470, 474, 476
maxima, 1, 21
Maxwell’s reciprocity theorem, 217
Maxwell, James Clerk, 217
May, Robert McCredie, 498
mean, 374, 377, 378, 388
mean value theorem, 94
mechanical energy, 216, 249, 251, 544
mechanics, 27, 28, 64
computational, 1
continuum, 49, 78, 98
fluid, 114
vector, 34, 171
Menger sponge, 502, 573
Menger, Karl, 502
Mercator, Geradus, 550
method of moments, 361
method of multiple scales, 253, 276
method of steps, 141
method of undetermined coefficients, 156
method of weighted residuals, 279, 359, 372, 387,
388
collocation, 360, 387-389
Galerkin, 360, 372, 387-389, 559
least squares, 361, 387-389
moments, 361, 387-389
pseudospectral, 361, 387
spectral, 361, 387
subdomain, 360, 389
metric, 289
metric tensor, 34, 38, 39, 41, 42, 46, 56, 57, 61, 62,
66, 69, 73, 308, 327, 454

min-max theorem, 353
minima, 1, 21
Minkowski

inequality, 288, 302, 303
Minkowski, Hermann, 288
modulus, 290
Monte Carlo, 373, 377, 378, 388
Moore, Eliakim Hastings, 467
Moore-Penrose pseudoinverse, 467470, 479,
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multivariable calculus, 1
multiple scales

method of, 253, 276

natural circulation loop, 582
natural frequency, 202
negative definite, 21, 332
negative semi-definite, 332
neighborhood, 2, 133, 163, 280, 289
Neumann
condition, 177
series, 461, 478
Neumann, Carl Gottfried, 177
neutral stability, 529
Newton’s law of motion, 28, 203, 248
Newton, Isaac, 18
nilpotent, 396, 470
nonautonomous system, 508
nonlinear, 1-5, 9, 20, 24, 31, 32, 40, 45, 115, 116,
118, 120-123, 125-127, 131, 132, 134, 136, 207,
212,219, 220, 247, 248, 252,279, 369, 373, 497,
498, 503, 504, 509-512, 514, 526, 528, 529, 533,
534, 539-542, 545, 548, 556, 559-562, 565, 566,
576, 581
oscillator, 247
stability, 565
system, 528
nonnormal matrix, 524
norm, 81, 288-291, 293-298, 301, 303, 315, 318,
319, 321, 330, 333, 368, 380-382, 384, 389, 408,
411, 413, 417, 424, 488, 490, 492
1-, 82,289
2-, 81,289
Schatten p-, 82,333
Chebyshev, 289
chessboard, 289, 292
Euclidean, 81, 289, 400, 405, 406, 408, 459
infinity, 82, 289, 292
Manhattan, 289, 292
maximum, 289
operator, 332
p-, 82,289
spectral, 332, 410, 411, 418
supremum, 289
taxicab, 289, 292
normal stretching, 536-538
null
set, 280
vector, 81, 284, 289, 515
null space, 147, 332, 359, 384, 386, 481, 488
left, 392, 393, 436, 477
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right, 392-394, 398, 400, 403, 404, 406, 408,
436-438, 470, 477, 487, 488

one-to-one, 331
open interval, 280
operator, 330
adjoint, 334
differential, 94, 147, 155, 161, 166, 171, 200, 335,
336, 347, 354, 359, 384, 385, 480
inverse, 337, 338
left, 332
linear, 330, 332, 384, 389
matrix, 354
norm, 332
right, 332
self-adjoint, 334, 340
Sturm-Liouville, 171-173, 176, 190, 201
unitary, 331
optimization, 1, 20, 354
constrained, 28, 334
unconstrained, 21
orbit, 529
heteroclinic, 538, 573
homoclinic, 538
periodic, 558
ordinary point, 231
Orr, William McFadden, 582
Orr-Sommerfeld equation, 582
orthogonal, 42, 45, 47, 48, 55, 57, 58, 77-179, 82,
87-89, 169, 171, 195, 197, 198, 218, 303-305,
307, 310, 313, 320, 326, 342-347, 355, 357, 358,
360, 361, 368, 379-382, 386, 387, 393, 404, 422,
424,438, 444, 446, 454, 457, 464, 472, 474, 491
matrix, 420
orthogonal complement, 393
orthogonal curvilinear coordinates, 57
orthogonal functions, 380
ber and bei functions, 193
Bessel and Neumann functions, 191
Chebyshev polynomial, 183, 218, 320, 368
Hankel function, 192
Hermite polynomial, physicists’, 185
Hermite polynomial, probabilists’, 187,
374
Kelvin function, 193
Laguerre polynomial, 188
Legendre polynomial, 180
trigonometric function, 175
orthogonal matrix, 36, 70, 342, 419-421, 423, 446,
450, 451, 464—466
orthogonality condition, 171, 303
orthonormal, 1, 47, 48, 58, 64, 65, 78,79, 169, 171,
179, 181, 184, 186, 187, 189, 192-195, 297,
303-306, 314, 316-319, 325, 330, 342-344, 350,
365-367, 379, 381-383, 389, 404, 428, 438, 450,
559
orthonormal basis, 314
oscillation, 146, 169, 204, 210, 252, 256, 277, 458,
539, 540, 558
outer region, 257
overdamped, 204

Index

Padé approximant, 219, 222-224, 272
Padé, Henri Eugene, 219
parallelogram, 37, 61, 415, 416
parallelogram equality, 301
Parseval des Chénes, Marc-Antoine, 330
Parseval’s equation, 330, 384, 428
partial differential equation, 497, 544, 559, 560,
562, 581
Galerkin projection, 559, 560, 562, 581
partial fraction expansion, 119
particular solution, 146, 147, 156, 213
path-dependent, 93
pendulum, 277
Penrose, Roger, 467
perimeter, 61
permutation matrix, 397, 420, 432, 433, 435, 436
permutation symbol, 65
perturbation method, 240
polynomial equation, 240
singular, 256
transcendental equation, 240
phase angle, 206
phase plane, 249, 250, 253, 255, 256, 533, 534, 538,
549, 558, 562, 573, 575, 576, 578, 582
phase shift, 204
phase space, 505, 514, 529, 530, 549, 550, 553, 554,
561, 568, 570, 572, 573, 579, 581
physics, 31, 195, 219, 458
statistical, 480
Picard iteration, 136, 144
Picard, Emile, 136
pitchfork bifurcation, 555, 556, 558, 563, 564
Planck, Max Karl Ernst, 301
Poincaré sphere, 549, 550, 552, 553, 579
Poincaré, Henri, 247
Poincaré-Lindstedt method, 247
polar decomposition, 453, 523
left, 453, 476
right, 453, 476
polynomial chaos, 279, 373, 377, 388
porous media, 217
positive definite, 21, 286-288, 301, 331, 332, 380,
384, 385,397, 471, 479
positive operator, 332
positive semi-definite, 114, 286-288, 332, 454
potential, 94, 113
potential energy, 28, 216, 249, 251, 543, 544
power series, 219, 224-227,272
first-order equation, 226
higher order equation, 237
second-order equation, 230
Prandtl’s method, 257
Prandtl, Ludwig, 257
pre-Hilbert space, 297
principal axes, 63, 76, 78, 79, 454, 566, 582
deformation, 523
principal axis theorem, 464
principal normal, 88, 90
principal value, 111
Cauchy, 282, 379, 595
principle of least action, 27, 28
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Index

Pritulo’s method, 275

Pritulo, Mikhail Fiodorovich, 275

probability density, 378

product rule, 84, 88, 123, 559

projection, 17, 146, 193, 307, 559
matrix, 397, 401, 432, 456, 477
nonorthogonal basis, 307
orthogonal basis, 313

projection matrix, 309

projective space, 549, 553

pseudoinverse, 467, 487
Moore-Penrose, 467-470, 479, 487, 496

Pythagoras of Samos, 32

Pythagoras’ theorem, 32, 82, 84, 303

Q - U decomposition, 439

quadratic form, 390, 464467, 478, 479
standard form, 464

quadrature, 137

quadric surface, 464

quadrilateral, 61

quantum mechanics, 301

quotient rule
derivative, 87, 551
tensor, 81

radiation, 145

radiation heat transfer, 480

radius of convergence, 221, 231, 232

radius of curvature, 86, 88, 90, 101, 112, 113

random, 374, 376-378, 388, 431, 432

range, 280, 331

rank, 391, 392, 394, 396, 398, 399, 405, 407, 436,
437,441, 450, 457, 458, 470, 485, 487, 492

rank-deficient, 405

ratio test, 229

Rayleigh quotient, 350, 351, 386

Rayleigh-Ritz method, 372, 388

reciprocal basis, 324

reciprocal basis vector, 55, 325, 327-329, 350, 379,
383

rectangle, 114, 484

rectangular rule, 484

recursion relation, 176, 180, 228, 231

reduction of order, 129

reflection, 36, 68, 71, 390, 397, 423, 424, 439, 444,
454, 466

reflection matrix, 71, 420, 423

regular perturbation, 244, 247, 256, 257

regular singular point, 232

relaxation distance, 116

repeated index, 47, 65

repeated substitution, 267

representation, 307

residual, 360, 387, 391, 400, 402, 405-408, 457-459,
470, 478

resonance, 146, 202

resonant frequency, 202, 206

Riccati equation, 126, 143

Riccati, Jacopo, 126

Riemann integral, 280, 281

Riemann, Georg Friedrich Bernhard, 280

Ritz method, 371, 372

Ritz, Walther, 353

Rodrigues formula, 181

Rodrigues, Benjamin Olinde, 181

root-mean-square, 312

Rossler equations, 581

Rossler, Otto, 581

rotation, 36, 37, 64, 66, 67, 70-73, 78,79, 328, 342,
343, 390, 397, 416, 420, 421, 439, 440, 444, 446,
447, 450, 452-455, 458, 522, 523, 531, 535-538

Givens, 422

row echelon form, 404, 435, 474

row space, 392-394, 400-406, 408, 436-438, 470,
477

row vector, 392, 394, 402, 438

saddle, 21, 22, 507, 532-538, 550, 553
saddle-node bifurcation, 557
Saint-Venant, Adhémar Jean Claude Barré de,
455
scalar, 66, 72,298
field, 62, 92, 94, 95, 113
product, 82,297
triple product, 83
scale factors, 58, 62
Schatten, Robert, 82
Schmidt, Erhard, 304
Schur decomposition, 449
Schur, Issai, 449
Schwarz, Karl Hermann Amandus, 298
second law of thermodynamics, 114
secular equation, 150
secular term, 250, 519
self-adjoint, 172-175, 215, 334-337, 339, 340,
342-345, 347, 350, 381, 384, 385, 410412, 418,
420, 425, 458, 491
semi-norm, 288
separation of variables, 117
sequence, 289, 331, 383
Cauchy, 289, 295-297, 380, 381, 383
series
asymptotic, 219, 593
Fourier, 146, 169, 193, 194, 215, 281, 314, 321,
322,324, 350, 375, 490493, 495, 560
geometric, 461
infinite, 176, 180, 181, 191, 193, 197, 224, 240, 360
Neumann, 461
power, 219, 224-227, 272
Taylor, 4, 21, 85, 138, 139, 176, 219-225, 227,
230, 234, 238, 239, 244, 256, 268-272, 312, 320,
389, 509, 532
Serret, Joseph Alfred, 89
set, 279
boundary, 280
closed, 280
interior, 280
open, 280
shooting method, 218
similar matrix, 399, 454
sine integral function, 594
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singular, 11, 24, 45, 133-136, 154, 179, 181, 182,
202, 241, 256, 282, 371, 396-398, 414, 509, 511,
512, 516, 546

integral equation, 481
matrix, 392
perturbation method, 256
value, 450, 451, 453, 476
value decomposition (SVD), 390, 450, 476
values, 488
singular point, 232, 529
irregular, 237
regular, 232
singular value decomposition (SVD), 453, 455,

Index

statistical physics, 480
Stefan, Jozef, 145
Stefan-Boltzmann constant, 145
Stirling’s approximation, 271, 593
Stirling, James, 271
Stokes’ theorem, 108, 109, 114
strained coordinates, 247, 277
strange attractor, 500, 529, 569, 572
stress tensor, 63
stretching, 37, 43, 328, 416, 439, 440, 444, 446, 447,
450, 453, 523
eigen-, 446, 453
normal, 536-538

458, 469 shear, 440
singularity theory, 555 tangential, 536, 537
sink, 532, 534-537, 554 strong

spiral, 532, 533
skew-Hermitian matrix, 418
skew-symmetric matrix, 396
Sobolev, Sergei Lvovich, 285
Sobolov space, 285, 300
solenoidal, 114
Sommerfeld, Arnold Johannes Wilhelm, 582
source, 532, 533, 553, 554

formulation, 359, 372
solution, 360
structural stability, 529
Strutt, John William (Lord Rayleigh), 350
Sturm, Jacques Charles Frangois, 170
Sturm-Liouville
equation, 146, 169, 170, 201, 214, 215, 305
operator, 171-173, 176, 190, 201, 381

spiral, 532 subdomain method, 360

space subset, 279, 280, 380
inner product, 297 subspace, 285, 286, 297, 335, 336, 338, 380, 385,
normed, 288 392-394, 401, 402, 405, 407, 408, 436
vector, 283 four fundamental, 392

span, 147, 286, 309-311, 313, 325, 329, 355, 358,
383, 384, 392, 394, 401, 402, 457, 473, 477
special functions, 593
specific heat, 114, 145
spectral
convergence, 313, 361
method, 361, 365, 559
norm, 332, 410, 411, 413, 416, 418, 446, 531
radius, 410, 412-414, 416, 418, 523
spectrum, 201
continuous, 146, 201
discrete, 146, 201, 202
eigenvalue, 201
sphere, 5, 6, 114, 145, 331, 537, 549-553
Poincaré, 549, 550, 552, 553, 579
spring
constant, 203
square matrix, 391, 395-397, 410, 432, 433, 441,
447, 456
square root of a matrix, 454
square wave, 216, 384
stability, 504
asymptotic, 529
neutral, 529
structural, 529
stable, 141, 498, 499, 507, 529, 530, 532, 538,
541-543, 555-558, 564, 565, 567, 569, 570, 575,
577-580
stable manifold, 533, 538
standard deviation, 374, 377, 378, 388
state space, 529
stationary point, 529

superposition principle, 146, 147
supremum, 280, 379

surface integral, 94, 106, 109, 113
surjection, 331, 446

Sylvester equation, 476

Sylvester, James Joseph, 476
symmetric matrix, 42, 335, 396, 464

tangent of a curve, 84
tangent plane, 6, 96, 103
tangential stretching, 536, 537
Taylor series, 4, 21, 85, 138, 139, 176, 219-225, 227,
230, 234, 238, 239, 244, 256, 268-272, 312, 320,
389, 509, 532, 598
function approximation, 220
solution approximation, 238
Taylor, Brook, 4
temperature, 114, 145, 217, 278, 559
field, 559
tension, 217
tensor, 64, 66, 73-76, 78,79, 106, 111, 112, 114,
328,329
antisymmetric, 74, 75
as a matrix, 73
asymmetric, 74, 79
Cartesian, 56, 64
conductivity, 114
contravariant, 44
covariant, 44
field, 98
Green-St. Venant, 455, 476
inertia, 114
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tensor (cont.)
invariants, 76, 77, 79, 80, 112
metric, 34, 38, 39, 41, 42, 46, 56, 57, 61, 62, 66,
69, 73, 308, 327, 454
mixed, 44
quotient rule, 81
stress, 63
symmetric, 74, 455
transpose, 74
velocity gradient, 100, 101
thermodynamics, 62
first law, 114
second law, 114
Thomson, William (Lord Kelvin), 193
time constant, 116
topologically equivalent, 331, 529
torsion, 89,91, 112, 113
torus, 331
total differential, 1, 5, 12, 13, 120
trace, 77,396, 411, 412, 457, 458
traction, 63
trajectory, 100, 101, 136, 249, 253, 255, 508, 529,
533, 534, 536, 538, 548, 549, 553, 565, 568, 572,
581
heteroclinic, 533
homoclinic, 533
transcendental equation, 176, 224, 240, 277, 529
transcritical bifurcation, 556
transformation, 32, 35, 36, 38, 40-43, 45, 50, 61, 62,
331
affine, 37, 39
alias, 33, 37, 43, 55, 67, 325, 415
alibi, 33, 55, 415, 444, 530
coordinate, 1, 31, 49, 57
inverse, 33, 34, 36, 37, 40, 41, 46, 50, 69, 428, 465,
466, 550
linear, 18
linear homogeneous, 37
linearly homogeneous affine, 36
nonlinear, 40, 45
nonorthogonal, 36, 39
orientation-preserving, 35, 68
orientation-reversing, 35, 68
reflection, 68
rotation, 67, 71
volume-preserving, 35, 68
transpose, 14, 34, 36, 42, 396
Hermitian, 289, 416
tensor, 74
trapezoid, 114
trapezoidal rule, 384, 600
trial function, 353, 360, 361, 365, 367, 387, 388
triangle inequality, 81, 288
triangular matrix, 397
lower, 397, 432, 435
upper, 397, 419, 432, 433, 435, 439, 449,
450
Tricomi, Francesco Giacomo, 189
trigonometric relations, 591
turning point, 265
two-point boundary value problem, 160

uncertainty quantification, 279, 373
uncountable, 280
underdamped, 204
undetermined coefficients, 156, 213
uniformly convergent, 228
union, 279
uniqueness, 4, 115, 132, 133, 136, 200, 354
non-, 40, 292
unit
normal, 74, 79, 95-97, 102, 106, 107, 113, 535,
536
tangent, 84, 85, 87, 88, 90, 96, 113, 536
unitary
matrix, 419, 420, 422, 428, 450, 453, 456, 474
operator, 331
unitary matrix, 522
unstable, 141, 498, 499, 507, 529, 532, 537, 538,
555, 557, 563-565, 569-572, 578-580
unstable manifold, 533, 538

van der Pol equation, 252, 276, 578, 582
van der Pol, Balthasar, 252
Van Dyke’s method, 258
Van Dyke, Milton Denman, 258
variance, 44
variation of parameters, 158, 213, 528
variational principle, 27, 28, 371, 372
vector, 15, 32, 34, 39, 43-48, 54-57, 64-66, 70-74,
76,79, 81-84, 98,99, 108, 111, 112, 152, 171,
279, 284-286, 288-291, 295, 299, 301, 303-310,
314, 325, 327, 328, 340, 342, 343, 358, 359, 368,
383, 384, 390, 392-395, 397, 400-408, 413, 415,
419-421, 423, 424, 426-429, 436-438, 440, 444,
446, 447, 450, 454, 456-458, 470, 474, 477, 493,
506, 515, 517, 527, 530, 531, 546, 589
acceleration, 52
algebra, 81
basis, 47, 48, 54-56, 65, 78, 84, 286, 307-309, 313,
343, 379-381, 383, 438, 457, 458, 566
calculus, 84
Cartesian, 43, 56, 64, 67, 300, 328, 420
column, 15, 32, 35, 47, 48, 54, 65, 82, 307, 309,
390, 392-394, 401, 402, 404, 422, 428, 444, 450
complex, 416, 418
contravariant, 35, 43, 45, 49, 50
covariant, 35, 43, 45
dual, 55, 76, 78,79
field, 4649, 62, 92-95, 97, 98, 104-107, 109, 110,
113, 114, 301, 505, 507, 508, 529, 530, 532-534,
538, 555, 558, 573, 575, 576, 578
function, 84
gradient, 44, 45, 102
identities, 83
normal, 97
null, 81, 284
null space, 400
operator, 95, 100
orthogonal, 79, 305
orthonormal, 47, 58, 64, 304, 419, 474
position, 92, 96
reciprocal, 383
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reciprocal basis, 55, 325, 327-329, 350, 379
residual, 457
row, 15, 32, 35, 82, 392, 394, 402, 438
row space, 401
space, 283-286, 289, 290, 297-299, 332, 340, 355,
379, 380, 382, 390, 392, 436
unit, 46, 47, 54, 84-88, 99, 112, 327, 420, 423
unit normal, 74, 79, 94-97, 102, 106, 107,
113
unit tangent, 84, 87, 88, 90, 536
velocity, 43, 44, 52, 61, 84, 101
velocity, 43, 44, 52, 59, 61, 62, 84, 100, 101, 110,
112, 145, 203, 248, 277,278
angular, 112, 582
field, 100, 101, 114
gradient, 100, 101
Venn, John, 300
viscous, 278
Volterra equation, 481, 495

Index

Volterra, Vito, 481

volume integral, 106

von Koch, Niels Fabian Helge, 502
vorticity, 114

weak
formulation, 359, 360
solution, 359
Weierstrass M test, 228
Weierstrass function, 503
Weierstrass, Karl Theodor Wilhelm, 228
weighting function, 360, 374, 379, 386, 560
Wentzel, Gregor, 263
white noise, 431
Wiener, Norbert, 373
Wiener-Askey chaos, 373
WKBJ method, 263, 276
work, 114
Wronskian, 148, 211
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