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U -operator, 156 canonical transformation, 277, 305
and Green’s function, 160 causality, 123, 125
definition, 157 charged particle in a magnetic field, 31
integral equation, 158 Hamiltonian, 32
perturbation expansion, 160 Lagrangian, 31
properties, 157 chemical potential, 81, 89, 92, 102, 144
collective electronic density fluctuations, 223-227,
adiabatic evolution, 338 229
annihilation operator, 11, 14 commutation relations
annihilation operators, 15, 42-47 bosons, 58
antitime-ordering operator, 333 fermions, 58
anticommutator, 43, 93, 3 commutator, 10, 13, 103, 122, 124
of two interaction picture operators, 164 formula for [A, BC], 131
anyons, 10 formula for [AB, CD], 116
Avogadro’s number, 78 formula for [AB, C], 11
completeness, 4, 5, 7-9
BCS theory of superconductivity, 299 contact potential, 64
broken symmetry, 304 contour integral, 123, 211, 349
gap parameter, 301 contour-ordered Green’s function, 341-343
ground state wave function, 299 contour-ordering operator, 340
model Hamiltonian, 299 contour-time-ordering operator, 341, 346
weak coupling limit, 302 contraction, 162-163, 168, 170, 186, 188
Bloch states, 21-27, 53, 54 convergence factor, 192, 222
Bloch’s theorem, 24, 25, 30 Cooper pairs, 295-299
Bogoliubov-Valatin transformation, 305 Coulomb blockade, 363-366
Bohr I-V plot, 366
magneton, 32, 120, 156 energy barrier, 366
radius, 34, 35, 69, 233, 246 quantum dot, 363
Boltzmann constant, 80, 92 Coulomb interaction, 52-53
Born—-Oppenheimer approximation, 65 direct process, 73
Bose—Einstein exchange process, 73
distribution function, 88, 102 long range nature, 213
statistics, 9 screening, 223
bosons, 10, 38, 42 two dimensions, 77
one-body operator, 372-373 creation operator, 11
two-body operator, 374 creation operators, 15, 42—47
current density, 63, 289, 290, 324
cancellation of disconnected diagrams, 174-176 diamagnetic, 63, 319
canonical ensemble, 82 paramagnetic, 63, 319-321
partition function, 83 current—current correlation function, 320
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Debye frequency, 291 normal processes, 259
dielectric function, 117, 223, 229 pictorial representation, 259
high frequency limit, 245 rigid-ion approximation, 256
Lindhard, 233 Umklapp processes, 259
noninteracting electron gas, 117 electron-photon interaction, 273
random phase approximation, 229 matrix element, 273
static, 233 electrons in a periodic potential, 53
Thomas—Fermi model, 233 Bloch representation, 53, 55
Dirac notation, 1 Wannier representation, 55-57
Dirac-delta function, 5 energy shift, 197
representation, 6, 13 ensemble, 81
direct product space, 8, 9, 38 canonical, 82-83
direct product states, 38 grand canonical, 83-85
divergence theorem, 60 microcanonical, 81
Dyson’s equation, 196 ensemble average, 84, 85, 92
contour Green’s function, 348 change within linear response, 115
imaginary-time Green’s function, 197 kinetic energy, 150
Dzyaloshinski’s rules, 204-210 noninteracting system, 162, 163
applied to electron—phonon interaction, 268 number of particles, 87, 88, 148
counting factor, 205, 210 one-body operator, 149
external lines, 205f potential energy, 150
internal lines, 205 entropy, 80, 83, 90
and probability, 90
effective charge, 36 Euler’s constant, 316
effective electron mass, 27, 133, 258 Euler—Lagrange equations, 31, 283
effective electron—electron interaction, 291-295 even frequency, 185
mediated by phonons, 293, 295
effective mass approximation, 27, 258 Fermi
eigenvalue equation, 3, 14 energy, 21, 34
eigenkets, 4 golden rule, 16, 275, 278
eigenstates, 8 sphere, 20, 21
eigenvalues, 4 surface, 215
eigenvectors, 4 velocity, 35
electrical conductivity, 266 wave vector, 20, 34
electromagnetic field, 269 Fermi-Dirac
4-vectors, 282 distribution function, 87, 88, 102, 215
Hamiltonian, 271 statistics, 10
Lagrangian, 271 fermion loop, 171, 184, 186, 188, 190, 192, 194,
Lagrangian density, 282 217
normal coordinates, 271 fermions, 10, 38, 42
normal modes, 270 one-body operator, 369-371
polarization vector, 270 two-body operator, 371
scalar potential, 269 Feynman diagrams, 171
tensors, 282 cancellation of disconnected diagrams,
vector potential, 269 174
electron gas, 214 classification, 218
dielectric function, 229-233 connected, 171, 173, 174, 190
divergence of the ring diagram, 217 connected, disjoint diagrams, 225
random phase approximation, 219 connected, non-disjoint, 226
self energy in 2D, 245 connected, non-disjoint diagrams, 226
self energy, first order, 214 degree of divergence, 218
specific heat, 216 disconnected, 171, 173, 174
thermodynamic potential, 214, 215 disjoint diagrams, 225
electron—phonon interaction, 256 non-disjoint diagrams, 226
electron self energy, 266-269 rules in coordinate space, 193
Feynman rules, 265 rules in momentum-frequency space, 186
in the jellium model, 282 topologically distinct, 181, 184, 190
matrix element, 259-261 topologically equivalent, 181, 182, 184
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field operators
commutation relations, 58
definition, 57
one-body operator, 58
two-body operator, 59
finite-temperature Green’s function, see
imaginary-time Green’s function, 146
first Brillouin zone, 26
fluctuation—dissipation theorem, 102, 104-106,
276
Fock space, 46
frequency sums, 193, 211
bosons, 193
fermions, 193
fundamental postulate of statistical mechanics, 79

gauge transformation, 270
Gauss’s law, 235
Gell-Mann and Low theorem, 339
generalized force, 109, 116, 118
generalized susceptibility, 110, 113
Gorkov equations, 312
grand canonical ensemble, 83
grand partition function, 84
statistical operator, 84
grand partition function, 84
graphene
atom adsorbed on graphene, 123-125
bands, 34
density of states, 35
dielectric function, 239-244
lattice, 22
matrix elements, 35, 36
tight binding Hamiltonian, 62
vacancies and interstitials, 90
Green’s function approach to superconductivity,
309
anomalous Green’s functions, 311
Dyson’s equation, 313
equation of motion, 310
gap consistency condition, 315
gap parameter, 315
Gorkov equations, 312
Hamiltonian, 309
imaginary-time Green’s function, 309
spectral density function, 312
transition temperature, 316
gyromagnetic factor, 32, 118, 156

Hamilton
equations of motion, 3
function, 3
harmonic
approximation, 378
perturbation, 16
harmonic oscillator, 10-13
heat reservoir, 81-84
Heisenberg

Index

equation of motion, 15, 131, 137
modified Heisenberg operators, 144
modified Heisenberg picture, 92
picture, 15, 334-335
uncertainty principle, 69
Heisenberg picture
operators, 334
states, 334
Helmbholtz free energy, 83
hermitian operator, 2
Hilbert space, 8, 9, 38, 46
Holstein—Primakoff transformation, 64
Hubbard model, 57
Hubbard-Mott insulator, 287

imaginary-time correlation function, 144
Fourier series, 146
Fourier transform, 153
periodicity, 145
spectral representation, 153
time dependence, 145
imaginary-time Green’s function, 146
2-DEG in a magnetic field, 155
discontinuity in gO, 177
graphical representation, 169
momentum representation, 148
noninteracting particles, 154—155
perturbation expansion, 162
position representation, 148
significance, 148-150
spectral representation, 151-153

thermodynamic equilibrium properties, 148

Helmbholtz free energy, 148
internal energy, 150
kinetic energy, 150
number of particles, 148
particle number density, 148
potential energy, 150
thermodynamic potential, 150
translationally invariant system, 147
impurity in a metal, 212
index of refraction, 273
interaction picture, 335-336
operators, 335
states, 335
internal coordinates, 184, 186, 265
ionic plasma frequency, 282
Ising model, 90

jellium model, 19, 65
Hamiltonian, 66

Kadanoff-Baym contour, 345
Keldysh contour, 346

Keldysh equations, 352
Kramers—Kronig relations, 127, 243

Kronecker delta, 4, 171, 175, 176, 205, 226, 280, 321

Kubo’s formula, 113, 118, 138
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Landau, 69
damping, 237-239
Fermi liquid theory, 69
gauge, 32
levels, 33
Landauer formula, 363
Langreth rules, 349-351
advanced function, 351
greater function, 350
lesser function, 350
retarded function, 351
lattice vectors, 22
primitive, 22
reciprocal, 24
lattice vibrations, 247
acoustic branch, 249, 252
diatomic lattice, 252-254
dispersion, 249, 252
Hamiltonian, 251, 383
in one dimension, 248
kinetic energy, 250, 378, 382
Lagrangian, 251, 383
normal coordinates, 250, 251, 254, 255, 257,
388
normal modes, 248, 249, 252, 254, 379,
381
longitudinal, 254
transverse, 254
optical branch, 253
potential energy, 250, 378, 383
quantum theory, 251, 253, 255, 383
speed of sound, 249
three dimensions, 254-255
LCR system, 367
lifetime, 107, 237
atomic state, 125
excitations, 197
light scattering, 273
differential scattering cross-section,
276
incident flux, 276
Lindhard, 116
dielectric function, 233, 234
function, 116, 120, 222
linear response theory, 109-114
London equation, 290
London penetration depth, 291
Lorentz relation, 386
Lorentzian, 123, 125, 141, 198
Lyddane—Sachs-Teller (LST) relation, 261

macrostate, 78, 79, 81, 85
magnetic impurity in a metal host, 141
mean field approximation, 141
magnetic moment, 32, 90
density operator, 118
mean magnetic moment, 90
of an electron, 118

Index 397

mathematical induction, 166
and Wick’s theorem, 167
Matsubara Green’s function, see imaginary-time
Green’s function, 146
Maxwell’s equations, 269, 283
mean field approach to superconductivity, 304
fluctuation operator, 304
ground state energy, 306
mean field Hamiltonian, 305
normalized ground state, 307
single-particle excitations, 305
microcanonical ensemble, 81
microstate, 78, 85, 86
number of microstates, 78, 79
Migdal’s theorem, 267
vertex corrections, 267
momentum-frequency space, 185, 186, 190, 212,
312

Nambu formalism, 317

Nambu Green’s function, 317
Newton’s second law, 235, 248, 252, 289, 379
nonequilibrium Green'’s function, 331
number of diagrams, 191

connected, 191

connected, topologically distinct, 190

without loops, 212
number of particles

in terms of Green’s function, 148
number-density operator, 63

orthonormality, 4, 8, 9

pair bubble, 221, 227
bare, 220, 222, 226
dressed, 221
pairwise interaction, 50, 150, 169, 228, 378
particle-number density
in terms of Green’s function, 148
partition function, 83, 90
canonical ensemble, 83
grand partition function, 87, 92, 143, 161
Pauli
exclusion principle, 10, 39, 43, 73, 131, 296
paramagnetic susceptibility, 121
spin matrices, 13, 119
periodic boundary conditions, 13, 19, 20, 24, 25,
29
permutation operator, 9
phonon Green’s function, 262-263
bare, 267, 282
dressed, 267, 282
for noninteracting phonons, 263-265
Fourier transform, 264
greater, 263
imaginary-time, 262
lesser, 263
retarded, 262
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phonons, 251
acoustic, 249, 252
annihilation operator, 251
branch index, 255, 384
creation operator, 251
field operator, 262, 274
Hamiltonian, 251, 253, 255
longitudinal, 259, 260
longitudinal optical, 261
optical, 253
polarization vector, 259, 388
self energy, 281
statistics, 255
transverse, 259
transverse optical, 261
wave vector, 255, 384
photon
absorption, 273
annihilation operator, 272
creation operator, 272
emission, 273
polarization, 273
wave vector, 273
Planck’s constant, 3
plasmons, 234-239
classical treatment, 234
density fluctuations, 234
frequency, 235
induced charge density, 235
induced dipole moment, 235
induced electric field, 235
polarization, 235
quantum mechanical, 235
dispersion, 237
high frequency limit, 236
long wavelength limit, 236
random phase approximation, 236
two-dimensional electron gas, 246
Poisson’s equation, 234
polar crystals, 256, 261
pressure, 81

quantum dot in contact with a metal,
133
Anderson’s impurity model, 134
density of states, 135
Hartree—Fock approximation, 135
mean field approximation, 135
model Hamiltonian, 133
retarded Green’s function, 134, 135
self energy, 135
tunneling Hamiltonian, 133
quantum Liouville equation, 334

radiation gauge, 272

Raman scattering, 276-281
anti-Stoke’s scattering, 276
electron-hole recombination, 280f

Index

excitons, 281
phonon emission, 277
photon-phonon interaction, 277
Raman tensor, 283
resonant Raman scattering, 281
Stoke’s scattering, 276
random phase approximation, 219
real-time correlation function, 92
advanced, 93
causal, 92
retarded, 93
time dependence, 93
real-time Green’s function, 94
advanced, 94
causal, 94
equation of motion, 121
greater, 94
lesser, 94
noninteracting system, 106—-109
physical meaning, 95-96
retarded, 94
translationally invariant system, 97
residue theorem, 123, 198, 211
resolution of identity, 85, 98, 153, 278
retarded density—density correlation function, 115,
223, 229, 236
retarded spin-density correlation function,
118

scattering matrix, 336
Schrodinger
equation, 3, 19, 22, 25, 33, 35, 78, 86, 110,
296
picture, 15, 332-334
Schrodinger picture
dynamical variables, 333
state, 332
second quantization, 37
creation and annihilation operators, 42—47
external potential, 48
kinetic energy, 48
particle-number density, 49
self energy, 196
irreducible self energy, 196
proper self energy, 196
self energy terms, 196
similarity transformation, 277, 293
single-level quantum dot, 130
density of states, 132
energy, 131
model Hamiltonian, 130
onsite Coulomb repulsion, 130
retarded Green’s function, 131
single-particle states, 18
Bloch states, 21
free electron model, 19
singlet, 14, 297
Slater determinant, 39
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three electrons, 40
two electrons, 41, 42
spectral density function, 101, 103, 106, 152,
197
noninteracting particles, 107, 154
spectral representation, 98
advanced Green’s function, 101
meaning, 98
retarded correlation function, 103-104
retarded Green’s function, 101
single-particle correlation function, 101-102
spin density, 109
spin waves, 64
spin-density correlation function, 118
spin-density operator, 118, 119
statistical operator, 84, 331, 352
definition, 85
general ensemble, 85
grand canonical ensemble, 84
Heisenberg picture, 335
interaction picture, 336
properties, 86
Schrodinger picture, 334
time evolution, 86
steady-state transport, 352-360
Anderson’s impurity model, 354
bias voltage, 353
current formula, 358
Landauer formula, 363
level-width function, 358
Meir—Wingreen formula, 360
mixed lesser function, 355
model Hamiltonian, 353
proportional coupling, 360
tunneling, 354
step function, 6, 71, 121, 131, 159, 198, 230, 232,
262, 320, 337, 350
Stirling’s formula, 89
superconductivity, 284
BCS theory, 299-304
Green’s function approach, 309-316
high-T¢, 287
infinite conductivity, 325
mean field approach, 304-309
pair fluctuation, 327
properties of superconductors, 284-289
response to a weak magnetic field, 319-325
two-band model, 328
superconductors, 284
copper oxide family, 287
critical magnetic field, 284
critical temperature, 284
electronic specific heat, 286
flux expulsion, 286
iron-based superconductors, 288
isotope effect, 287
Meissner effect, 285
perfect diamagnetism, 285
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resistivity, 284
tunneling experiments, 287
type-1, 286
type-11, 286
lower critical field, 286
upper critical field, 286
switching the interaction on and off adiabatically,
338

thermodynamic limit, 65
thermodynamic potential, 210
and self energy, 211
interacting electrons, 211
Thomas—Fermi model, 233-234
charge impurity, 234
dielectric function, 233
induced charge density, 234
screened Coulomb interaction, 233
wave number, 233
wave number in two dimensions, 246
tight binding method, 61
time evolution operator, 3, 16, 331
time-ordered diagrams, 199-210
example: a ring diagram, 199
internal frequency coordinates, 203
section, 203
time-ordered product, 162, 163, 173
equal time arguments, 164
time-ordering operator, 92, 144, 159, 262, 333
transition rate, 16, 17, 105, 275
translation operator, 23
eigenvalues, 23
translationally invariant system, 51, 126, 176
triplet, 14, 297
tunneling, 135
current, 137
elastic, 136
inelastic, 136
linear response theory, 138
model Hamiltonian, 136
Ohm’s law, 141
retarded correlation function, 140
steady state, 139
two-particle interaction, 179, 190, 193, 194, 196, 205,
212
spin-independent, 186, 195

uncertainty principle, 292
uniform positive background, 19, 21, 53, 65, 66, 213

vector space, 1
spatial, 8
spin, 8

Wannier states, 29-31

wave function, 1
bosons, 10
fermions, 10
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Wick’s theorem, 162, 168, 180, 187, 240, 265, fermions, 162
311,313, 314, 318, 321, 339, 346, 347, pictorially, 171
356 proof, 167
an example, 163 remarks, 168
bosons, 177 statement, 163
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