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absorption lines, see spectral line
accessible microstate, see microstate
actinide, 386, 722
action, 629
activity, 582
Adams, Douglas, 646
additive quantity, 78
aether, 11, 98
airplane-and-mountains scenario, 12, 22, 23, 34
Airy function, 242
Alice’s rope, 108
alkali element, 386, 722
alkaline earth element, 386, 722
Allen, John, 488
alloy, 504
alpha decay, 574, 578
alpha particle, 173, 578
Alpher, Ralph, 657
amorphous solid, 500
AND gate, see logic gate
Anderson, Carl, 596, 616
angular frequency, see frequency
angular momentum quantum number, 318, 719
antibonding states, see bonding and antibonding states
antimatter, 164, 600, 649, 727
antisymmetric wavefunctions, 372, 539
associated Laguerre polynomials, see Laguerre polynomials
atomic cohesive energy, see cohesive energy
atomic number, 557
effective, 376
atomic spectra, see spectral line
Avogadro, Amedeo, 556

Balmer series, 174

band structure, 508, 527

barns, 586

baryon, 600, 606, 727

baryon number, 602, 607, 613, 728
Bell, John, 708

beta decay, 579

biasing, see diode
Big Bang, 647
Big Bang nucleosynthesis, see fusion
Big Crunch, 652, 678
binding energy
molecular, 399
nuclear, 560
binomial coeflicient, see choose operator
blackbody, 136, 478
blackbody spectrum
cavity radiation, 482
derivation of blackbody spectrum from cavity
spectrum, 486
Planck spectrum, 144, 482, 483, 726
derivation, 151, 486
Rayleigh-Jeans (classical) spectrum, 135
derivation, 148
Ultraviolet Catastrophe, 138
body-centered cubic lattice, 501
Bohmian mechanics, 188
Bohr, Niels, 175, 708
Bohr magneton, 350, 362
Bohr model of the atom, 175
Bohr radius, 176, 338, 720
Boltzmann, Ludwig, 424
Boltzmann distribution, 139, 445, 725
derivation, 453
Boltzmann’s constant, 138, 182, 189, 424, 724
bonding and antibonding states, 404, 527
Born, Max, 129, 708
Bose-Einstein condensation, 487
toy model, 489
Bose-Einstein distribution, 468
derivation, 475
Bose-Einstein distribution, 725
boson, 371, 466
bound state, 234
Bragg, William and Lawrence, 122, 126
Bragg’s law, 126, 716
bremsstrahlung radiation, 163
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bubble chamber, 617
buckyball, 185
bullets, 119

canonical ensemble, 474
causality (in special relativity), 31, 56
cavity radiation, see blackbody spectrum
Cepheid variable stars, 660
CERN, 617
Chadwick, James, 556
chaotic inflation, 703
charge symmetry, see symmetry
chemical potential, 468, 725
choose, mathematical operator, 419
classical blackbody spectrum,
see blackbody spectrum

classical relativity, see Galilean relativity
closed universe, 673
cloud chamber, 616
coefficient of performance, 443
cohesive energy, 502, 503, 507
collective model of the nucleus, 574
color of quarks, see quark
combinations (in probability theory), 418
complex conjugate, 245
complex exponential function, 246, 264, 268, 717
complex number, 243
complex plane, 245
Compton shift, 161

derivation, 168
conduction

electrical, 508

heat, 512
conduction band, 516
conductor, 511
conservation law, 600, 623, 728

approximate, 624
continuous probabilities, see probability
continuous symmetry, see symmetry
coordinate time, 18, 40
Cornell, Eric, 492
correspondence principle, 179, 183, 470
cosmic distance ladder, 661
cosmic microwave background, 144, 150, 485, 651,

657, 698

cosmic neutrino background, 649, 658
cosmological constant, 656, 687
covalent bonds, 398, 399, 404
covalent solid, 504
CPT symmetry, see symmetry
critical density (cosmology), 668, 674, 687, 690
cross-section of a reaction, 586
crystallite, 501
crystals, 500
Curie temperature, 538
Curie’s law, 538, 541

current flow, 509
curvature of the universe, 673, 687, 690, 696
curve of stability (for nuclei), 562

dark energy, 611, 685, 694
dark matter, 611, 683
Davisson, Clinton, 185
Davisson-Germer experiment, 185
Dawkins, Richard, 428
de Broglie, Louis, 184, 708
de Broglie relations, 185, 186
Debye, Peter, 544
Debye model of heat capacity, 544
Debye temperature, 546
decay constant, 582
deep inelastic scattering, 607
degeneracy, 318, 328
degeneracy pressure, 373
degenerate Fermi gas, see Fermi gas
degenerate microstate, see microstate
degrees of freedom, 456
frozen out, 459, 544
delta baryon, 619
density of states, 456
density parameter, 668
depletion region, 519, 524
deuterium, 558, 563
diamagnet, 535
diatomic molecule, 399
diffraction, 122, 126, 209, 567, 715
diode, 517
biasing, 518
discrete probabilities, see probability
discrete symmetry, see symmetry
dissociation energy, see binding energy
distance function, 59
DNA, 451
doping, 516
Doppler effect for light, 45, 581, 659, 709
derivation, 50
double-slit experiment, 118, 715
electrons, 185
one photon at a time, 127
drift velocity, 510
Dulong and Petit, law of, 542
derivation, 550
Dyson, Freeman, 638

effective atomic number, see atomic number
Ehrenfest’s theorem, 293
eigenstate, 219

energy, 219

momentum, 280
eigenvalue, 219
Einstein, Albert, 1, 155, 543, 655, 708
Einstein equation, 672
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Einstein model of heat capacity, 543

Einstein temperature, 544

elastic collision, 64, 78

electromagnetic spectrum, 713

electron affinity, 385, 398

electron gas, 504, 547

electron microscopes, 187

electron scattering, 566

electronegativity, 388, 403

electrons, discovery of, 172

electroweak force, 611

emission lines, see spectral line

energy eigenstate, see eigenstate

energy in special relativity, 62, 72, 709
derivation of kinetic energy formula, 71

entropic force, 428

entropy, 424, 626

equation of state, 675

equipartition theorem, 457, 543, 725

ergodic hypothesis, 420

ether, see aether

Euler’s formula for complex exponentials, 247

event, 12

exchange interaction, 536, 539

exclusion principle, see Pauli exclusion

principle

expectation value, 140, 196, 710

extensive variable, 424, 494, 542

extrinsic semiconductor, 516

face-centered cubic lattice, 501

factorial, 419

family of particles, 605, 727

Fermi energy, 470, 573

Fermi gas, 469, 547

Fermi gas model of the nucleus, 572

Fermi-Dirac distribution, 468, 725
derivation, 474

fermion, 371, 466

ferromagnet, 416, 536

Feynman, Richard, 633

Feynman diagram, 634

field effect transistor, 523

fine structure, 362, 719

fine structure constant, 363, 598

finite square well, see square well

finite universe, 665, 678

Finnegan’s Wake, 603

fission, 561, 587

flat universe, 673

flatland, 665

flatness problem, 690, 696

flavor of quarks, see quark

forbidden transition, 363

force carrier, 608, 727

forces, fundamental four, 598, 728

forces in quantum mechanics, 564, 597, 608, 639, 728

forward-biased diode, see diode
four-force, 96
four-vector, 83
Fourier integral, 273
Fourier transform, 273, 711
Franck-Hertz experiment, 178
free particle, 270, 712
frequency, 113,717
angular, 113, 262, 717
spatial, 114, 262, 717
Friedmann equations, 671
deriving the second from the first, 681
frozen out, see degrees of freedom

fundamental assumption of statistical mechanics, 419

fusion, 561, 589
Big Bang nucleosynthesis, 649, 657
in the Sun, 300

g-factor, see gyromagnetic ratio
Galilean relativity, 1

equations, 6
Galileo, 1
gamma (Y, in special relativity), 15, 709
gamma decay, 580
gamma rays, 714
Gamow, George, 657
Gargamelle, 617
Gaston, 85
Gaussian function, 200, 203, 208, 210, 275, 711
Geiger, Hans, 173
Gell-Mann, Murray, 596, 603, 708
general relativity, see relativity
Gerlach, Walther, 708
Germer, Lester, 185
Gibbs paradox, 433, 473
Glaser, Donald, 617
gold-foil experiment, 173, 565
Goldberg, Rube, plays with photons, 168
GPS (global positioning satellites), 21
grand unified theories, 612, 692, 728
gravitational waves, 104
graviton, 610
grid of clocks and rulers, 39, 41
ground state, 328
group velocity, 288
Guth, Alan, 692, 695, 708
gyromagnetic ratio, 350, 612

h, h, see Planck’s constant

hadron, 599, 605, 727
Hafele-Keating experiment, 18, 22
half-filled shells, 389

half-life, 582

halogen, 386, 722
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Hawking, Stephen, 483

heat capacity, 436, 458, 541
specific, 437, 542

heat death of the universe, 652, 678

heat flow, 436

heat pump, 443

heavy water, 558

Heisenberg, Werner, 708

Heisenberg uncertainty principle, 201, 354, 711
position and momentum, 203, 283
time and energy, 204

Higgs boson, 610, 727

Hofstadter, Robert, 566

homogeneity problem, 691, 697

homopolar molecules, 412

horizon problem, 691, 697

Hoyle, Fred, 657

Hubble, Edwin, 656, 708

Hubble-Lemaitre law, 657, 665

Hubble parameter, 657, 672

Hubble time, 672

human cell, 428

Hund’s rule, 379, 389

hydrogen atom
chemical properties, 387
energy eigenstates, 719
quantum numbers, 317, 719
spectrum, see spectral line

hydrogen bond, 403, 504

hydrogen molecule, 401

hydrogen spectrum, see spectral line

hyperfine splitting, 364, 563

hysteresis, 541

ideal gas, 441, 461, 476
Bose-Einstein condensation, 491

identical particles, 466

imaginary number, 243

incident wave, 296

induced dipole moment, 504

inelastic collision, 74, 78

inert gas, see noble gas

inertial reference frame, see reference frame

infinite spherical well, 345

infinite square well, see square well

infinite universe, 664, 678

inflation, 649, 695

insulator, 511

interference, 99, 108, 118, 287, 715

interferometer, 99

interpretation in quantum mechanics,
129, 187

intrinsic semiconductor, 516

invariant quantity, 39, 78, 85

ion, 375

ionic bonds, 397, 398

ionic cohesive energy, see cohesive energy
ionic crystal, 501, 503

ionic solid, see ionic crystal

ionization energy, 376, 378, 383, 398
irreversible processes, 427

isolated system, 420, 426, 445

isotope, 375, 558, 570

Jetson, Elroy, 563
Jonsson, Claus, 185

kaon, 601, 613

Kapitsa, Pyotr, 488

Ketterle, Wolfgang, 492

kinetic energy in special relativity, see energy in special
relativity

Kittel, Charles, 451

Knoll, Max, 187

Kronig-Penney potential, 530, 533

ladder operator, 243

Lagrangian, 629, 631

Laguerre polynomials, 338, 721

Lamb shift, 364

lanthanide, 386, 722

Laplacian, 335

Large Hadron Collider, 611

lattice structure, 501

Leavitt, Henrietta Swan, 660

left-handed particle, 627, 630

Legendre polynomial, 721

Lemaitre, Georges, 656

length contraction, 23, 62, 709

Lenz’s law, 535

lepton, 599, 605, 608, 727

lepton number, 608, 624

Lewis, Gilbert, 127

light cones, 56

lightlike separation, 31

LIGO, 104

Linde, Andrei, 701

line width of an emission line, see spectral line

linear superposition, 109, 269

liquid drop model of the nucleus, 571

logic gate, 524

long-range force, 559, 598

Lorentz transformations, 37, 88, 709
derivation, 41, 44

luminiferous aether, see aether

Lyman series, 175

macrostate, 415

Madelung constant, 502

magic numbers in a nucleus, 561, 574
magnetic domains, 537

magnetic materials, 533
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magnetic moment, 350
magnetic quantum number, 318, 719
magnetic susceptibility, 538
magnetization, 537
many-worlds interpretation, 188
Marsden, Ernest, 173
mass in special relativity, 67, 72, 88
mass number, 557
mass spectrometry, 568
massless particle, 68
matter waves, 184
matter-dominated universe, 676
Maxwell, James Clerk, 11
Maxwell speed distribution, 461, 726
Maxwell’s demon, 431
measurement (in quantum mechanics), 131, 352
melting point, 505
Mendeleev, Dmitri, 370
Merli, Pier, 186
meson, 599, 606, 727
metalloids, 387
metals, 387, 504, 722
metastable states, 363
Michelson-Morley experiment, 11, 97
derivation of classical result, 103
microstate, 415
accessible, 420
degenerate, 447
Minkowski diagram, see spacetime diagram
mirror nuclei, 571
Misener, Donald, 488
modulus, 245
molecular crystals, 504
molecules, 397
momentum eigenstate, see eigenstate
momentum in quantum mechanics, 202, 291, 711
momentum in special relativity, 62, 89, 709
momentum probability, see probability
monopole problem, 692, 698
Moseley’s law, 390
MOSFET, 523
Maossbauer, Rudolf, 580
Mossbauer effect, 580
mountains-and-airplane scenario, see
airplane-and-mountains scenario
multiplicity, 421, 424
multiwire proportional counter, 621
muons, 22, 34

n-type semiconductor, 517

nebula, 660

neutrino, 580, 608, 628, 649, 727
neutrino oscillation, 608, 614, 624
neutron number, 557

neutron separation energy, 560, 573
neutron star, 373

new inflation, 701
Newton, Isaac, 655
noble gas, 386, 722
Noether, Emmy, 629, 708
Noether’s theorem, 629, 631
non-relativistic object, 68
normalization, 192, 710
nuclear decay chain, 581
nuclear force, see strong force
nucleon, 557
nucleosynthesis, see fusion
nucleus, 556

discovery of, 173
nuclide, 558

observable universe, 666, 681

occupation number, 468

Oklo reactor, 589

Olbers’ paradox, 670

Onnes, Kamerlingh, 488

opacity, 505

open universe, 673

optical transitions, 390

OR gate, see logic gate

orthodox interpretation of quantum mechanics, 129,
188, 352

Ozma problem, 631

p-n junction, 517
p-type semiconductor, 517
pair production and annihilation, 77, 82, 164
paradox of the twins, 17, 36, 40, 50, 55, 57
parallax, 659
paramagnet, 416, 535
parity symmetry, see symmetry
Parker solar probe, 70
parsec, 659
partial derivatives, 264
partial differential equation, 269, 306, 551
particle in a box, see square well
particle zoo, 599
partition function, 445, 725
Paschen series, 175
path integral, 633
Pauli, Wolfgang, 370, 580, 708
Pauli exclusion principle, 370, 466
Pauli repulsion, 399
pentaquark, 613
period, 113, 262, 717
periodic table, 370, 383, 722
periodic universe, 665
spherical model, 665, 673, 696
perturbation theory, 233
phase of a complex number, 245
phase velocity, 288
phonon, 546
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photodiode, 522
photoelectric effect, 152
photon, 69, 127
pilot-wave interpretation, 188
pion, 564
Planck, Max, 135, 708
Planck density, 612, 648
Planck spectrum, see blackbody spectrum
Planck’s constant, 142, 176
plasma, 651
plum pudding model of the atom, 172
polar coordinates, 332
polarized atom, 400
pole-and-barn paradox, 33
polyatomic molecule, 399
polycrystal, 501
position probability, see probability
positron, 596, 600, 617
potassium ions, 428
potential barrier, 300
potential energy, 213
potential step, 295
primeval atom, 656
principal quantum number, 317, 719
probability
discrete and continuous probabilities, 198
momentum, 280, 711
position, 191, 710
probability density, 193
probability amplitude in quantum field
theory, 634
probability density, see probability
proper time, 18, 40, 57, 89
proton separation energy, 560, 573

Q-value of a reaction, 577
QCD, see quantum chromodynamics
QED, see quantum electrodynamics
QFT, see quantum field theory
quantum chromodynamics, 638
quantum distribution functions, 468
quantum electrodynamics, 636
quantum eraser, 356
quantum field theory, 564, 632
quantum gravity, 612
quantum number, 179, 230, 317, 719
quantum statistics, 465, 725
quark, 596, 603, 605, 649, 727

color and flavor, 605, 727

radiation-dominated universe, 676

radio waves, 714

radioactive isotope, 558

Rayleigh scattering, 163

Rayleigh-Jeans spectrum, see blackbody spectrum,
138

recombination, 650
recombination current, 519
reduced mass, 177, 320, 322
reference frame, 1, 4
reflected wave, 296, 530
reflection coefficient, 299, 305
refrigerator, 438, 443
relativistic units, 16
relativity
equations of special relativity, 709
general relativity, 612, 672
postulates of special relativity, 12
relic particles, see monopole problem
reservoir, 445
rest energy, 67
reverse-biased diode, see diode
right-handed particle, 627, 630
Ritz combination principle, 180
root-mean-square velocity, 458
rotated axes, 84, 85
rotations (molecular), 411
Rubin, Vera, 683, 708
Ruska, Ernst, 187
Rutherford, Ernest, 173, 556, 565, 708
Rutherford scattering, 173, 565
Rydberg formula, 174, 360

Sabato, Ernesto, 600
Sackur-Tetrode equation, 441
salt, 398, 501
saturation of nuclear force, 559
scalar, 85
scalar field, 687, 699
scale factor, 672
derivation for matter, 681
derivation for radiation, 681
scattering, 294
Schrédinger, Erwin, 708
Schrédinger equation
in spherical coordinates, 335
in three dimensions, 322, 710
time-dependent, 306, 710
time-independent, 221, 324, 710
Schrédinger mechanics, 633
Schrédinger’s cat, 356
scintillation counter, 621
screening (of electrons), 376
second law of thermodynamics, 426
selection rules, 363
Selfish Gene, The, 428
semiconductor, 511, 515
semiempirical mass formula, 574
separation of variables, 307, 324
shell (of electrons), 375
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shell model of the nucleus, 561, 573
short-range force, 559, 598
silicon detector, 621
simple cubic lattice, 501
simple harmonic oscillator, 218, 226, 235, 244, 410, 711, 718
simultaneity (in special relativity), 23, 59, 709
derivation, 34
sine waves, 110, 260, 717
single-slit experiment, 119
Small Magellanic Cloud, 660
solids, 500
Sommerfeld, Arnold, 183
spacelike separation, 31
spacetime diagram, 53
spacetime interval, 39, 44, 57, 88, 709
spatial frequency, see frequency
special relativity, see relativity
specific heat capacity, see heat capacity
spectral line, 174, 223
absorption, 175
atomic, 174
emission, 174, 360
hydrogen, 174, 360
line width, 205
molecular, 411
multielectron atoms, 390
splitting, 360
spectroscopic notation, 375
spectrum (blackbody), see blackbody spectrum
spectrum (electromagnetic), see electromagnetic spectrum
spectrum (emission and absorption lines), see spectral line
spherical coordinates, 332
spherical harmonics, 339, 343, 721
spherical model of a periodic universe, see periodic
universe
spin, 346, 352, 719
nuclear, 562
spin basis vectors, 359
spin-orbit coupling, 362
splitting of spectral lines, see spectral line
spontaneously broken symmetry, see symmetry
square well
finite, 234, 237, 304
infinite, 226, 322, 324, 332, 711
standard candles, 660
standard deviation, 205
standard model of particle physics, 603, 727
standing wave, 261, 717
stationary states, 205, 223, 252
steady-state model of the universe, 657
Stefan-Boltzmann constant, 483, 726
Stefan’s law, 150, 483, 726
derivation, 487
Stern, Otto, 708
Stern-Gerlach experiment, 346, 352
stopping potential, 154

Index

strangeness, 601, 607
string theory, 612
strong force, 216, 558, 598, 638
range, 610
styrofoam, 512
sum and difference wavefunctions, 405
superconductor, 488
superfluid, 488
symmetry, 623, 625
charge, 626, 630
continuous, 626, 629
CPT, 629
discrete, 626, 629
parity, 626, 627, 629
spontaneously broken, 625
time, 427, 626, 630

Taylor, G. L, 127, 708
temperature, 433, 434
negative, 440
quantitative definition, 436
tetraquark, 613
theory of everything, see quantum gravity
thermal equilibrium, 136, 449
thermodynamics, 423
Thomson, G. P, 185
Thomson, J. J., 172, 556, 569
time dilation, 10, 709
derivation, 22
time evolution of a wavefunction, 249, 288, 710
time symmetry, see symmetry
timelike separation, 31
toy model of Bose-Einstein condensation, see
Bose-Einstein condensation
transistor, 522
transition metal, 386, 722
transmission coeflicient, 299, 305
transmitted wave, 298, 530
traveling wave, 260, 263, 717
tunneling, 300, 578
twins, see paradox of the twins
two-state system, 418

ultra-relativistic object, 68

ultraviolet catastrophe, see blackbody spectrum
uncertainty (definition), 206

uncertainty principle, see Heisenberg uncertainty principle
unit cell, 501, 505

unpaired electrons, 401, 407

unstable isotope, 558

valence, 388

valence band, 516

van der Waals forces, 504

vector rotation, 85

velocity transformations (in special relativity), 45, 96, 709
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addition of velocities, 50
derivation, 50

vibrational mode, 545

vibrations (molecular), 410

virial theorem, 366

virtual particles, 607, 635, 640

von Weizsicker, Carl Friedrich, 574

W boson, 209
Ward-Takahashi identity, 629
wave equation, 269, 551

wave number, 114, 262, 717
wave packet, 274, 288
wavefunction, 187, 191
wavelength, 114, 262,717
weak force, see forces, fundamental four
white dwarf star, 477

whole number rule, 557
Wiedemann-Franz law, 513
Wieman, Carl, 492

Wien’s law, 150, 483, 726

derivation, 487
Wilson, Charles, 616
Wilson, William, 183
Wilson-Sommerfeld quantization rule, 183
work function, 156
work-energy theorem, 71
world line, see spacetime diagram
Wu, Chien-Shiung, 627

X-ray diffraction, 126
X-ray spectroscopy, 390
X-rays, usage in spectroscopy, 714

Young, Thomas, 119
Young double-slit experiment, see double-slit experiment

Z parameter, 620

Zeeman effect, 361
nuclear, 563, 581

Zweig, George, 603, 708
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