Contents

The Breakdown of Classical Mechanics

1.1 Quantum Number of the Earth . . . .. . ... ... .......
1.2 Thermal Wavelength . . . . ... ... ... ... ... ......
1.3 PhotonsinaBeam . . ... . ... ... ... ... ........
1.4 Hydrogen Atom andde Broglie . . . .. ... ... ........
1.5 VibrationsinNaCl . . . .. ... ... ... ... .........
1.6 Crystal Powder . . . .. .. ... ... ... ... ... ...
1.7 Einstein Coefficients . . . . ... .. .. ... ... .. ......

Review of Classical Mechanics

2.1 Lagrangian and Hamiltonian for SHO . .. . . ... ... . ...
2.2 Lagrangian and Hamiltonian: Simple Pendulum . . . . . . .. ..
2.3 Bohr-Sommerfeld Quantization: SHO . . .. .. .. ... ....
2.4 Bohr-Sommerfeld: ParticleinaBox . .. ... ... .......
2.5 Larmor Frequency . . ... .. ... ... ... . ... ... ..
2.6 Applicability of Bohr-Sommerfeld Quantization . . . . .. .. ..
2.7 Schrédinger and Hamilton-Jacobi . . . . ... ... ... ... ..
2.8 WKB Approximation . . . ... ... ... ... .. ...
2.9 Dumbbell Molecule: Bohr-Sommerfeld . . . . . .. ... .. ...

Elementary Systems

3.1 Commutator Identities . . . . . . ... ... ... ... ......
3.2 ComplexPotential . . ... ... ... ... ... ... ......
3.3 Group and Phase Velocity . . . . .. .. ... .. ... .....
3.4 Linear Operators . . . . . . . . . . ... .
3.5 Probability Density . . . . . ... .. ... .. ... .. ...,
3.6 Angular Momentum Operators . . . .. ... ...........
3.7 Beamof Particles . . . . .. ... ... ... ... .. ......
3.8 Time Evolution of Wave Function. . . . . ... ... .. .....
3.9 Operator Hamiltonian . . . ... ... ...............
310 Zeroof Energy . . . . . .. ... o o
3.11 Some Commutators . ... ... ..................
3.12 Eigenfunction for a Simple Hamiltonian . . . . ... ... .. ..

X



X CONTENTS

4 One-Dimensional Problems 29
4.1 Potential Step . . . . . .. .. 29
4.2 Deep Square Well . . . . . . e 30
4.3 Hydrogenic Wavefunction . . .. ... ... ... ... ...... 32
4.4 Bound State Wavefunction, Current, Momentum . . . . ... .. 33
4.5 Time Evolution for ParticleinaBox . . . ... ... ....... 34
4.6 Particle in Box: Energy and Eigenfunctions . . . . ... ... .. 35
4.7 ParticleinaBox .. ... ... .. ... ... . ... ... 36
4.8 Particles Incident on a Potential . . ... ... ... .. ... ... 36
4.9 Two Beams Incident on a Potential . . . . ... .. ... ... .. 38
4.10 Ramsauer-Townsend Effect . . . .. .. ... ... ... ..... 39
4.11 Wronskian and Non-degeneracy in 1 Dimension . . . . . . .. .. 40
412 Symmetry of Reflection . . . .. .. ... ... ... ... ..., 141
4.13 Parity and Electric Dipole Moment . . . . .. ... ... ..... 43
4.14 Bound State Degeneracy and Current . . ... ... ... .. .. 44
4.15 Car Reflected froma CLff . . . . . .. .. ... ... ... .... 45

5 More One-Dimensional Problems 48
5.1 Motion of a Wavepacket . . . .. ... .. .. ... ........ 48
5.2 Lowest Energy States . . . . .. ... ... ... . ........ 50
5.3 Particleat Rest . . . . .. .. .. ... ... L. 51
5.4 Scattering from Two Delta Functions . . . . . ... ... ... .. 51
5.5 Reflection and Transmission Amplitudes: Phase Shifts . . . . . . 53
5.6 Oscillator Against a Solid Wall . . . . ... ... .. ... .... 55
5.7 Periodic Potential . . . . . ... ... ... ... ... .. 56
5.8 Reflection and Transmission Through a Barrier . . . .. ... .. 57
5.9 Hermite Polynomials: Integral Representation . . . . . .. . ... 58
5.10 Matrix Element Between Degenerate States . . . . . .. .. ... 60
5.11 Hellmann-Feynman Theorem . . ... ... ... ......... 61

6 Mathematical Foundations 63
6.1 Cauchy Sequence in a Finite Vector Space . . . . . . . ... ... 63
6.2 Nonuniqueness of Schrodinger Representation . . . . . .. .. .. 64
6.3 Degeneracy and Commutator . . . ... ... ... ........ 64
6.4 von Neumann’s Example. . . . ... ... ... .......... 65
6.5 Projection Operator . ... ... ... .. .. ... ........ 67
6.6 Spectral Resolution . . . . .. .. ... .. .... .. ....... 68
6.7 Resolvent Operator . . . . . ... ... .. ... ... ....... 68
6.8 Deficiency Indices. . . .. . ... .. ... ... .. 69
6.9 Adjoint Operator . . . .. ... ... ... ... ... ... ... 71
6.10 Projection Operator . . . .. .. ... .. .. ... ....... 72
6.11 Commutatorof L, and ¢ . . .. .. ... ... ... ....... 74
6.12 Uncertainty Relation: L, andcosyp,sine . . . .. .. ... ... 74
6.13 Domain of Kinetic Energy: Polar Coordinates . . . . . ... ... 75

6.14 Self-Adjoint Extensions of p* . . . .. .. .. ... ... ... .. 76



CONTENTS

7 Physical Interpretation

71
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15
7.16
717
7.18
7.19
7.20
7.21
7.22

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8

Tetrahedral Die . . . . . .. . ... ... ... o ...
Probabilities, Expectation Values, Evolution . . . . . ... .. ..
(Lz) and (Ly) in an Eigenstate of L, . . . .. ... .. ......
Free Particle Propagator . . . . . . .. . ... ... ... .....
Minimum Uncertainty Wavefunction . . . . ... .. ... ....
Spreading of a Wave Packet . . . . . ... ... ..........
Time-dependent Expectation Values . . . .. ... ........
Ehrenfest Theorem . . . . . ... . ... ... ...........
Compatibility Theorem . . . . . .. ... ... ... .......
Constant of the Motion . . . .. . ... ... ...........
Spreading of a Gaussian Wavepacket . . . .. . ... ... ....
Incorrect Time Operator . . . . . ... .. ... ... .......
Probability to Find a Particle . . . . . . ... . ... . ... ...
Sphere Bouncing on Sphere . . . . ... ... ... ... .....
Cloud Chamber Tracks . . . . . . .. ... ... ..........
Spin 1 Measurement in Two Directions . . . . . . .. ... .. ..
Particle in a Box: Probabilities and Evolution . . . . . .. .. ..
Free Wave Equation: Translation Invariance . . . . . . ... ...
Free Wave Equation: Accelerated Frame . . . . . .. ... .. ..
The Wigner Function . . . ... .. ... ... .. ........
Properties of the Wigner Function . . . ... .. .. ... .. ..
Uncertainty Relation and Wigner Function . . ... ... .. ..

Distributions and Fourier Transforms

Properties of the Delta Function . . . . .. .. ... .. ... ..
Representation of Delta Function . . . . ... .. .. ... ....
Normalization of Scattering Solution . . . . . . ... ... .. ..
Tempered Distribution . . . . . . .. ... ... ... .......
Fourier Transformof D . . . . . ... ... .. .. ... ...,
Tempered Distribution of Fast Decrease . . . . . .. ... .. ..
AUseful Identity . . . . .. . . . . ... . ... ..
A Representation of () . . . . . ... ... L L
Fourier Transform of 6(™)(z) . . . . ... ... ... ... .....
Valueof ™6™ () . . ... ...
Distribution Occurring in Fermi’s Golden Rule . . . . .. .. ..

Algebraic Methods

An Operator Identity . . . . . . . ... ... ... ...
Expectation Values: Simple Harmonic Oscillator . . . . . . . ..
Angular Momentum Matrices . . . . .. . ... ... ... ...
Displaced Oscillator . . . . ... ... .. ... ... ... ...
Dipole Matrix Elements . . . . . . ... ... .. .. ... ...
Scalar Operator . . . . . . . . .. ... .
Probability to Obtain l,m . . . . . . ... .. .. .. ... ....
Probability to Obtain !, m Along Different Axis . . ... .. ..

xi



Xii

10

CONTENTS
9.9 Commutators of £ and § with Lo 132
9.10 Some Eigenfunctions of Angular Momentum . . . . . ... .. .. 132
9.11 Expectation Valueof L, . . . . . .. ... ... .. ........ 134
9.12 Rotation Invariance of the Hamiltonian . . .. .. .. ... ... 136
9.13 Uncertainty Relation for SHO . . . . . . ... ... .. ... ... 137
9.14 Baker-Campbell-Hausdorff Formula. . . . .. ... ... ... .. 138
9.15 A Useful Commutator . . . . .. ... ... ... .. ....... 139
9.16 Uncertainty in L, . . . . . . . . . . .. ... 140
9.17 Expectation Values of Angular Momentum . . . . . . ... ... 140
9.18 Validity of Ehrenfest’s Theorem . . . . . . . . . .. .. .. cL.. . 142
9.19 Wigner Problem: Annihilation and Creation . . . . . ... .. .. 143
9.20 Wigner Problem: SHO . . . . .. ... ... .. ......... 145
9.21 Identity for Pauli Matrices . . . . . . . . ... ... ... ..... 147
9.22 Operator Identity - Spin Rotation . . . ... ... ... ..... 148
9.23 An Operator Identity . . . . . .. ... ... .. ... .. ..... 149
9.24 Commutator with Inverse Operator . . . . . . ... ... ... .. 150
9.25 Schwinger Method for Angular Momenta. . . . . . ... ... .. 150
9.26 Minimum Uncertainty in J, . . . . .. .. ... ... ... ..., 152
9.27 Unsold’s Theorem and its Apphcation . . . . ... ... ... .. 153
9.28 Rotation Matrixfor j=1 . ... . ... ... ... ... .. ... 154
9.29 Algebra and Constants of the Motion. . . . . . ... ... . ... 155
9.30 Coherent State and Normal Ordering . . . . . . ... ... ... .. 158
9.31 Normal Ordering of ™ . . . . . . . ... ... ... ... ..., 158
Central Force Problems 162
10.1 Isotropic SHO in Two Dimensions . . . . . . . ... ... .... 162
10.2 Attractive Exponential Potential . . . ... ... ... .. ... 164
10.3 Reduction of the Two-body Problem . . .. .. ... ... ... 165
10.4 Particle in a Spherical Potential Well . . . . . .. ... ... .. 166
10.5 Particle on Surface of a Cylinder . . . ... ... ... ..... 168
10.6 Expectation Values: Electron in a H-atom . ... .. ... ... 169
10.7 Parity in Spherical Coordinates . . . . . ... ... ... .... 170
10.8 Magnetic Moment due to Orbital Motion . . . . . . .. ... .. 170
10.9 Spherical Square Well . . . . . . . ... ... ... ... . ... 17
10.10 Binding Energy and Potential . . . . . ... ... ... ..... 173
10.11 Generating Function: Laguerre Polynomials . . . . ... ... . 174
10.12 Normalization of Hydrogen Wavefunction. . . . . ... ... .. 175
10.13 Kramers’ Relation . . . . . . .. ... ... ... ... ...... 177
10.14 Quantum Mechanical Virial Theorem . . . . . .. . ... .. .. 180
10.15 Ehrenfest Theorem for Angular Momentum . . . . . . ... .. 181
10.16 Angular Momentum of a Two-Particle System . . . . . . . . .. 182
10.17 Hulthén Potential: Ground State . . .. .. ... ... ... .. 183
10.18 Hydrogenic Atom in Two Dimensions . . . . . .. .. ... ... 184
10.19 Runge-Lenz Vector: Constant of the Motion . . . . .. ... .. 186
10.20 Runge-Lenz Vector: Hydrogen Spectrum . . ... .. ... ... 188



CONTENTS

11 Transformation Theory

11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
11.10
11.11
11.12
11.13
11.14
11.15
11.16
11.17
11.18
11.19
11.20
11.21
11.22
11.23
11.24

Fourier Transform of Hermite Functions . . . . .. ... . ...
Schrodinger Equation in Momentum Space . . . . . . ... ...
Heisenberg Equation for a Free Particle . . . . . . . ... .. ..
Dirac Picture for Displaced SHO . . . ... .. .. .. ... ..
Heisenberg Picture for Displaced SHO . . . ... ... ... ..
Heisenberg Picture: SHO and Constant Force ... ... .. ..
Heisenberg Picture: Constant Force . . . . . . ... ... .. ..
Schrodinger Picture: Constant Force . . . . . . ... ... ...
Dirac Picture: Constant Magnetic Field . . . ... ... .. ..
Coherent State . . . ... ... ... ... ... ... ... ...
Coherent State: Overlap of Two States . . . . . .. ... .. ..
Coherent State: Wavefunction . . . . . . . .. ... ... ... ..
Squeezing Operator . . . . . . . .. .. ... ... ... ...
No Eigenstates for Creation Operator . . . . . . .. ... ... ..
Spin Coherent State: Euler Angles . . . .. . ... ... . ...
Minimum Uncertainty Spin Coherent States . . . . . ... ...
Spin Coherent States: Complex Variables. . . . . . ... .. ..
Useful Commutator . . . . . . . ... . Lo ..
Forced SHO . ... ... .. . .. . . ... ... . ... .
3-D Simple Harmonic Oscillator . . . . . . .. ... ... .. ..
Quadrupole Tensor . . . . . ... ... ... ... L.
Eigenfunction of J2, L%2,and J, . . . . ... .. .. ... ....
SHO: A Time-independent Operator . . ... ... ... ....
SHO with Time-Dependent Spring . . . ... ... .......

12 Non-degenerate Perturbation Theory

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9
12.10
12.11
12.12
12.13
12.14
12.15
12.16
12.17
12.18
12.19

Expansion of 1/|Fy — 72 . . . . . . .o
Second Order Correction to State . . . . .. . ... .. ... ..
1/2 Az? Perturbation of SHO . . . .. ... . ... .......
1/4 Az* Perturbation of SHO . . ... ... .. .. .......
1/4 Az* - Brillouin-Wigner Perturbation . . . ... ... .. ..
Two-level System . . . .. .. ... ... .. ... .. ...
Approximate SHO . . . . .. ... ... ... .. ... ...
Two-dimensional SHO . . ... . ... ... ... .. ......
Kuhn-Thomas-Reiche Sum Rule . . . . . . . .. ... ... ...
Electron in Box Perturbed by Electric Field . . . . ... .. ..
Positronium . . . . . . .. ... e e e
Rigid Rotator in Electric Field . . . . . . ... ... .......
Electric Dipole Moment Sum Rule . . . ... ... ... . ...
Another SsmRBule . . .. ... ... . ... ...
Gaussian Perturbation of SHO Bosons . . . . ... ... .. ..
Gaussian Perturbation of SHO Fermions . . . . .. ... .. ..
Polarizability: ParticleinaBox . . . . . .. ... .. ... ...
Atomic Isotope Effect . . . . . . ... ... ... ...
Relativistic Correction to Hatom . . . . .. .. ... ... ...

xiil



Xiv

12.20 van der Waals’ Interaction . . . . . . . .. ... ..

13 Degenerate Perturbation Theory

13.1 Stark Effect forn =2 LevelinH . . .. ... ...
13.2 Perturbation of ParticleinaBox .. ... ... ..

13.3 Perturbation of Isotropic Two-dimensional SHO

13.4 Two-dimensional SHO with Off-diagonal Term . . .
13.5 Non-diagonal Two-dimensional SHO . ... .. ..
13.6 Particle in a Box Perturbed by Electric Field . . .
13.7 Unusual Particle on Interval . . . .. ... ... ..
13.8 Rigid Rotator in Magnetic Field . . . . . .. .. ..
13.9 Azp, Perturbation of SHO . .. ... ..... ...
13.10 Paschen-Back Effect . .. ... ... .. ... ...
13.11 H Atom: Weak Field Stark Effect . . . . .. .. ..

14 Further Approximation Methods

14.1 Variational Ground State of SHO . . .. ... ...
14.2 Variational Ground State of Hy Molecule . . . . . .
14.3 Square Barrier: WKB Approximation. . . . . . . .

14.4 Variational Ground State in Gaussian Potential

14.5 Variational Ground State: Quartic Potential . . . .
14.6 WKB: Ball Bouncingon a Floor . . . . . ... ...
147 Ground Stateof HY . . . . ... .. .........
14.8 Variational Solution: Particle ina Box . ... ...
14.9 Hydrogen Atom: Variational Technique . . . . . . .
14.10 Bound State in One Dimension . . . ... ... ..
14.11 Field Emission: WKB Approximation. . . . .. . .
14.12 Deuteron: Variational Principle . . . . ... .. ..
14.13 Bouncing Ball: Variational Calculation . . . . . . .
14.14 Beta Decay of Tritium . . . ... ... ... ....
14.15 Anharmonic Oscillator . . . . .. ... ... ....
14.16 Nonlinear SHO: Variational Calculation . . .. . .
14.17 WKB Solution and Parity . .. ... ........

15 Time-Dependent Perturbation Theory

15.1 Transition Probability: Bound State to Free . . . .
15.2 Photo-disintegration of Deuteron . . . ... .. ..
15.3 Excitationof SHO . .. ... .. ... .......
15.4 Excitation of SHO by Stiffer Spring . . . . .. ...
15.5 Periodic Perturbation . . . . .. ... ... .....
15.6 Excitation of H-atom . . . . ... ... .......
15.7 Expanding Box .. ... ...............
15.8 Sudden Displacement of SHO . . .. ... ... ..
15.9 Sudden Perturbation of Two-level Atom . . . ...
15.10 Berry’'s Phase . . . ... .. ... ... .. .. ...
15.11 Neutron in Rotating Magnetic Field . . . . . . . ..

CONTENTS



CONTENTS

15.12 Excitation of Electron by Electric Field . . . . . .
15.13 Neutron Magnetic Moment . . . . . . . ... ...
15.14 Electron Passing Through Magnetic Field . . . .
15.15 SHO: Sudden Transition . . . . .. ... ... ..
15.16 Coulomb Excitation . . . . ... ..........

16 Particle in a Uniform Magnetic Field
16.1 Estimate of Magnetic Energies . . . . . . ... ..
16.2 Radiiof Landau Levels . . . . .. ... .. ....
16.3 Equation of Continuity . . . . . .. .. ... ...
16.4 Gauge Invariance . . . ... ... ... ......
16.5 Gauge Transformations and Observables . . . . .
16.6 Spin 1/2 Particle in Magnetic Field . . . . . . ..
16.7 Spin 1/2 in Magnetic Field: Heisenberg Equations
16.8 Separation of Spin and Space for Spin 1/2 . . . .
16.9 Spin 1/2 in Time-dependent Magnetic Field . . .
16.10 Spin 1/2 in Rotating Magnetic Field . . .. . ..

17 Angular Momentum, Etc.
17.1 Operator to Lower Total J . . . . ... ... ...
17.2 Energy Shift Due to a Magnetic Field . . . . . . .
17.3 Coupling of Spin 1 to Spin 1/2. . . . . ... ...
17.4 Example of Wigner-Eckart . . . . ... ... ...
17.5 Rotations for Spin 1/2 and Spin 1 . . . . . . . ..
17.6 Spin 1/2 Coupled to Spin 3/2 . . . . . ... ...
17.7 Coupling of Spin 1 or 0 and Spin 1/2 . . . . . ..
17.8 Identity for Constant Magnetic Field . . . . . ..
17.9 The State jn,5,m,0) ... ... ... .. ... ..
17.10 Landé g-factor . . . . . . . ... .. ... ... ..
17.11 Spin and Space Coordinates . . . . . . ... ...
17.12 Clebsch-Gordon for j=3/2 . . . . . .. ... ...
17.13 Rigid Rotator in a Step Potential . . . . . . . ..
17.14 Spin Dependent Operators for Two Particles . . .

18 Scattering - Time Dependent
18.1 Cross-section from Experiment . ... ... ...
18.2 Green’s Functions for Free Particle States . . . .
18.3 Dispersion Relations . . . ... ... .......
18.4 Kallén-Yang-Feldman Equations . . . . . . . . ..
18.5 Born Approximation . .. ... ..........
18.6 Scattering in CM and Laboratory Frame . . . . .
18.7 Propagator for a Free Particle . . . . . ... ...
18.8 Propagator for Simple Harmonic Oscillator . . . .

XV

335
336
337
337
338

342
342
343
344
345
346
348
349
352
352
354

358
358
359
361
362
364
366
367
368
369
369
372
373
373
375



xvl CONTENTS

19 Scattering - Time Independent 389
19.1 Equations for Spherical Bessel Functions . . . . . ... ... .. 389
19.2 Rodrigues Formula: Spherical Bessel Functions . .. ... ... 392
19.3 Wronskian for Spherical Bessel Functions . . . . . . ... .. .. 393
19.4 Superposition of Yukawa Potentials . . . . . ... ... ... .. 393
19.5 Born Approximation for Gaussian Potential . . . . ... .. .. 394
19.6 Born Approximation for Square Well . . . . . .. .. ... ... 395
19.7 Phase Shifts for Delta-function Potential . . . . . .. ... ... 397
19.8 Phase Shifts for Yukawa Potential . . . . . . ... ... ... .. 399
19.9 Low Energy s-Wave Amplitude . . . . . .. ... ... .. ... 400
19.10 Spherical Potential Shell . . . . . . ... ... ... ... ... 402
19.11 Expressions for jo(z) and ng(z) . . . . ... ... ... ... .. 403
19.12 Effective Range, Scattering Length . . . . . . .. ... ... .. 404
19.13 Effective Range, Scattering Length: Yukawa Potential . . . . . 405
19.14 Shape-independent Parameters . . . . . . . .. ... ... ... 406
19.15 Phase Shifts for Hard Sphere . . . . . . . .. ... ... ..... 407
19.16 Resonance for Square Well . . . . . . . ... ... ... ..... 411
19.17 Double Slit . . . ... .. .. ... ... ... ... 412
19.18 Born Approximation: Spherically Symmetric Potential . . . . . 413
19.19 Scattering from a Separable Potential . . . . . .. .. ... ... 414
19.20 Generalized Optical Potential . . . . . ... ... ... ..... 415
19.21 Free Particle Eigenfunctions . . . . . . ... ... ... ... .. 416
19.22 Scattering from an Inverse Square Potential . . . ... ... .. 418
19.23 Neutron-Proton Scattering: Spin Flip . . . . . ... ... . ... 419
19.24 Reflectionless Potential in One Dimension . . . . ... .. ... 420
19.25 n-p Scattering: Singlet and Triplet States . . .. . ... .. .. 422
19.26 Phase Shift, Scattering Length, Etc.. . . . . . .. ... ... .. 423
19.27 Scattering off a Diatomic Molecule . . . . .. .. ... ... .. 425
19.28 WKB s-Wave Phase Shift: Attractive Potential . . . .. .. .. 426
19.29 WKB s-Wave Phase Shift: Hulthén Potential . . ... ... .. 427
19.30 WKB Approximation for Phase Shifts . . . ... ... ... .. 428
19.31 Zero-Range Potential . . . . . . . ... ... .. .. ... ... 431
19.32 Calogero Equation . . . . ... ... . ... ... ... . ... 435

20 Systems of Identical Particles 439
20.1 Periodic Table . . . . ... ... ... L oL, 439
20.2 Identical s = 1/2 Particlesin Il = 0,1 States . . ... ... ... 439
20.3 Two Identical s =0 Particles . . ... ... ........... 440
20.4 Identical s = 1/2 Particles in Centre of Mass . . . . . . ... .. 441
20.5 Heisenberg Field Operator for Bosons . . . . . .. .. ... ... 442
20.6 Heisenberg Field Operator for Fermions . . . . ... ... ... 444
20.7 Two-body Interaction . . . . . . ... ... . ... ........ 444
20.8 Diagonalization of Boson Hamiltonian . . . ... .. .. c... . 445
20.9 Formula for exp(—A)Bexp(A) . . . . ... ... ... .. ... 447
20.10 Bogoliubov Transformation: Fermions . . . ... .. ... ... 448

20.11 Diagonalization of Bose Hamiltonian . . . . .. ... ... ... 450



CONTENTS

20.12 Diagonalization of Quadratic Hamiltonian . .
20.13 Bogoliubov Transformation: Bose Operators .
20.14 Density Matrix for a Subsystem . . . ... ..
20.15 Density Matrix and S-Matrix . .. ... ...

20.16 Zero Energy Bound States of Two Fermions .

20.17 Bose Number Operator: Constant of Motion .
20.18 Bose Operator: More Constants of Motion . .
20.19 The Pauli Problem . ... ...........
20.20 Atomic Isotope Effect . . . . .. ... ... ..

21 Quantum Statistical Mechanics

21.1 Average Energy of Assembly of SHO’s . . . .
21.2 Properties of the Density Matrix . .. ... .
21.3 Expectation Valuesfor Spin . . . . .. .. .
21.4 Expectation Value for Number of Particles . .
21.5 Spin 1/2 Polarization . . . . ... . ... ...
21.6 Density Matrix for Spins=1 . . . .. ... ..
21.7 Polarization Vector for Spinj . ... ... ..
21.8 Composite Density Matrix . . . .. ... ...
21.9 Arbitrariness of Composite Density Matrix . .
21.10 Two Energy Levels Bose Gas . . ... .. ..
21.11 Density Matrix: Particles Coupled by Spring .
21.12 Particles: Dissimilar, Bose, and Fermi. . . . .
21.13 A Three-Level Laser . .. ... ... .....

21.14 Integrals from Quantum Statistical Mechanics

Index

Xvil

452
453
456
457
458
460
461
462
464

467
467
469
470
471
472
473
475
476
477
479
481
483
484
486

489





