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partition function, 12
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definition, 243
bosonization
fermion operator, 149
functional, 570
operator formulation, 70
Brownian motion, 637

canonical momentum, 11

canonical transformation, 62

carbon nanotube, 65

Cartan, Elie7 427

Casimir effect, 29

causality, 390
Chapman—Kolmogorov relation, 654

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781108494601
www.cambridge.org

Cambridge University Press & Assessment
978-1-108-49460-1 — Condensed Matter Field Theory

Alexander Altland, Ben Simons

Index
More Information

804

Index

charge-density wave, 59
Chern classes
and chiral anomaly, 551
characteristic classes, 619
Chern character, 619
Chern number, 620
Chern—Weil theorem, 620
Chern—Simons theory
abelian, 495
action (non-abelian), 589
Chern—Simons action (2+1), 494
level, 494, 589, 620
nonabelian, 494
parity non-invariance, 498
chiral anomaly
Atiyah—Singer index theorem, 553
Fujikawa method, 547
triangle diagrams, 547
classical electrodynamics
action, 20
Coulomb gauge, 27
from variational principles, 17
Maxwell’s equations, 17
relativistically invariant, 18
waveguide, 27
coherent states
bosonic, 130
fermionic, 134
Cole—Hopf transformation, 670
collective excitations, 10
conductivity
longitudinal, 409
transverse, 409
conformal
group, 34
symmetry, 34
conformal field theory
central charge, 794
complex coordinates, 787
conformal group, 786
conformal map, 786
conformal tower, 799
correlation functions, 793
descendant, 799
dimension (of primary), 791
energy-momentum tensor, 789
field, 788
free boson, 788
Hamilton operator, 797
operator product expansion, 790
operator—state correspondence, 793
primary field, 791
primary states, 798
stress—energy tensor, 789
vacuum state, 798
Virasoro algebra, 796
Witt algebra, 797

continuum limit, 7
Cooper, Leon N., 262
Cornell, Eric A., 244
correlation function
n-point, 176
advanced, 395
density—density, 163
four-point, 204
imaginary—time—ordered, 394
pair, 163
real time—ordered, 394
retarded, 394
Coulomb blockade, 760
counting field, 749
covariant notation, 768
CPT-theorem, 541
critical phenomena
anomalous dimension, 337
correlation length exponent, 337
critical exponents, 336
dangerous irrelevance, 333
dynamical exponent, 337
exponent identities, 336
fixed points, 334
Ginzburg criterion, 348
order parameter exponent, 337
quantum phase transition, 337
scaling laws, 336
specific heat exponent, 337
susceptibility exponent, 337
universality classes, 338
critical surface, 334
cuprate materials, 64
current
axial, 147, 532
conservation, 146
Hall, 387
interaction, 152
spin, 72, 387
thermal, 387
vector, 146, 532

density of states
Coulomb blockade, 300
single-particle, 298
thermodynamic, 219
density wave
charge, 72
spin, 72
diagrams
n-particle reducible, 183
combinatorics, 183
connected, 182
Feynman, 181
idea, 181
irreducible vertex, 206
loop order, 183
one-particle irreducible, 183
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two-particle reducible, 206 dissipation
vacuum, 184 energy, 256
vertex (two-point function), 206 kernel, 722
differential forms Langevin theory, 636
area form (sphere), 773 Ohmic, 722
current density, 780 ohmic, 124

differential n-form, 772
differential of function, 771
exterior derivative, 774
Hodge star, 779
one-form, 770
pullback, 771
Stokes’ theorem, 776
volume form, 778
wedge product, 773
Dirac identity, 144
Dirac string, 473
Dirac theory
~v-matrices, 531
~-matrices (Euclidean), 535
antimatter, 534
axial symmetry, 541
canonical momentum, 563
charge density, 532
Dirac equation, 530
Dirac Hamiltonian, 58, 563
Dirac monopole, 614
Dirac sea, 534
Dirac spinor, 529
Dirac string, 617
fermion doubling problem, 539
Kaluza—Klein reduction, 533
mass, 530
Nielsen—Ninomiya theorem, 540
odd dimensions, 534
Pauli—Villars regularization, 547
pseudo scalar, 532
scalar field, 532
surface zero modes, 542
two-dimensional Dirac equation, 533
vector field, 532
Dirac, Paul Adrien Maurice, 523
directed percolation, 679
disordered electron gas
AC conductivity, 411
Cooperon, 221
diffusion constant, 220
diffuson mode, 220
Drude theory, 411
encounter region, 292
Hikami box, 292
Keldysh technique, 210
mean free path, 213
replica trick, 211
scattering time, 213
supersymmetry, 210
weak localization, 286

dissipative tunneling, 125, 302
distribution
binomial, 750, 784
Breit-Wigner, 785
Cauchy, 785
Gaussian, 784
Gibbs, 137
Lorentzian, 785
Poisson, 784
Doi—Peliti operator technique, 669
dual space, 770
duality
definition, 326
Kramers—Wannier, 326
Luttinger liquid, 326
self-, 326, 374
dynamic structure factor, 679
dynamical critical phenomena, 672
Dyson equation, 200
Dyson, Freeman, 200

Einstein relation, 638
Einstein, Albert, 594
electric susceptibility, 197
emission (spontaneous/stimulated), 704
energy—momentum tensor, 34
entanglement
Bell state, 429
cut, 429
discussion, 429
volume law, 429
entropy
entanglement, 429
information-, 783
topological entanglement, 429
equations of motion
definition, 8
Hamilton’s extremal principle, 9
Lagrange’s, 9
equipartition theorem, 638
error correction, 611
Euclidean field theory, 18, 103
Euler-Lagrange equation, 17
excitons, 84
experiment
crystallography, 391
nonlinear optics, 386
overview, 386
scanning tunneling microscopy, 389
spectroscopy, 388
thermodynamic susceptibilities, 387
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Fermi
energy, 53
momentum, 54
sphere, 54

Fermi and Bose distribution functions, 143

Fermi liquid
adiabatic continuity, 188

density parameter rs, 187

Fock term, 191
Hartree diagram, 190
principle, 188

Fermi, Enrico, 41

Fermi-Bose transmutability, 70

fermionization, 70
Feynman, Richard P., 92
fiber bundle
complex line bundle, 615
connection form, 578
definition of, 575
gauge group, 574
gauge
invariance, 576
heuristic discussion, 574
holonomy, 581
parallel transport, 576
principal, 574
section, 574
structure group, 574
transition function, 613
Fick’s law, 638
field
classical, 7
quantum, 22
field integral, 138
field strength tensor
Bianchi identity, 626
definition, 582

fluctuation—dissipation theorem

classical, 677

dynamical critical phenomena, 673

linear response, 677
fluctuations

quantum, 245
thermal, 245, 246
Fock space, 44

Fock, Vladimir Aleksandrovich, 44

Fokker—Planck equation
definition, 644

Kramers—Moyal expansion, 643, 658

of stochastic process, 659

Fourier transform conventions, 799
fractional quantum Hall effect

composite fermions, 501

Laughlin wave function, 502

particle interactions, 505

singular gauge transformation, 503

fractional statistics

anyons, 43, 492
braid group, 492
fusion, 494
semions, 492
fractionalization, 599
free particle, 106
free theory, 65
friction, 636
Friedel oscillations, 168
full counting statistics, 748
functional
expectation value, 176
integrals, 96
Lagrangian, 8
local, 16
stationary phase approximation, 104
Taylor expansion, 15
functional derivative, 13
functionals
Hamiltonian action, 11
Hamiltonian density, 11
Lagrangian density, 7
Galilean invariance, 4
gauge theory
area law, 601
Berry connection, 591
Bianchi identity, 584
confinement, 603
coupling to matter, 597
covariant derivative, 579
covariant electromagnetism, 587
dual field strength tensor, 586
electromagnetic field strength tensor, 582
Elitzur’s theorem, 600
Faddeev—Popov ghosts, 586
field strength tensor, 581
gauge fixing, 586
gauge symmetry, 585
large gauge transformation, 589, 614
metric connection, 592
minimal coupling, 268
minimal coupling in quantum mechanics,
580
non-abelian parallel transport, 581
parallel transport, 580
perimeter law, 602
torsion, 594
Wilson loop, 584
Gauss, Johann Carl Friedrich, 97
Gaussian integral
finite-dimensional, 97
functional, 100
Grassmann, 134
Wick’s theorem, 99
general relativity
Christoffel symbols, 593
connection, 578
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contravariant index, 578
covariant derivative, 580
covariant index, 578
covariant notation, 578
Einstein constant, 594
Einstein equations, 594
Einstein—Hilbert action, 594
energy momentum tensor, 595
Ricci tensor, 594
Riemann curvature tensor, 594
scalar curvature, 594
Gibbs, Josiah Willard, 136
Ginzburg-Landau theory, 174
glasses, 110, 293
gradient expansion
idea, 278
validity, 281
graphene, 56
Grassmann, Hermann Giinther, 132
Green function
¢*theory, 177
free electron gas, 190
non-interacting, 399
operator, 400
Green, George, 176
Gross—Pitaevskii equation, 719
group
SU(N), 355
U(N), 355
braid, 43
linear representation, 42
Lorentz, 526
permutation, 42
SU(2), 448
group theory
Euler angle representation, 449
exponential representation, 355
group field theory, 355
group generators, 355
Haar measure, 354, 450
Schur’s lemma, 450
structure constants, 355, 583
winding number, 440

Haldane’s conjecture, 455
Hamilton, Sir William Rowan, 10
Hamiltonian
t—J, 64
electron—phonon, 166
Hubbard, 60
many-particle, 3
harmonic chain
classical, 6
quantum, 21
harmonic oscillator
bath, 122
Hamiltonian, 23
quasi-particles, 24

Hartree, Douglas R., 191
heavy fermions, 375
Heisenberg, Werner, 73
Higgs particle, 283
Hilbert, David, 42
holographic condensed matter physics, 573
Hubbard—Stratonovich transformation
Cooper channel, 237
definition, 236
direct channel, 237
exchange channel, 237
Ising model, 175
Hund’s rule, 60
hyperscaling, 342
infrared divergence, 180
instanton
bounce, 117
fluctuation determinant, 116
gas, 112, 445
path integral, 111
SU(2), 511, 622
zero mode, 445
integer quantum Hall effect
conductivity tensor, 457
cyclotron frequency, 459
Drude conductivity tensor, 457
edge states, 464
field theory, 467
filling fraction, 458
Landau gauge, 459
Landau levels, 459
Laughlin gauge argument, 462
magnetic length, 458
phase transition, 461
symmetric gauge, 459
interacting electron gas
dynamic screening, 198
plasma frequency, 198
plasma theory, 234
plasmon mode, 198
polarization operator, 194
random phase approximation, 194
Thomas—Fermi screening, 197
interaction
exchange, 60
ferromagnetic, 60
Hubbard, 60
super-exchange, 61
Ising model
block spin, 317
correlation length, 316
definition, 174
flow equations, 351
mean field critical exponents, 345
one-dimensional, 314
symmetry breaking, 253

jellium model, 53
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Jordan—-Wigner
string, 85
transformation, 85

Josephson
AC effect, 306
action, 306
current, 306
DC effect, 306
junction, 277
junction array, 361

Kadanoff, Leo P., 318
Keldysh field theory
classical and quantum fields, 712
classical saddle-point, 719
fluctuation—dissipation theorem, 718
Keldysh contour, 706
Keldysh Green function, 711
Keldysh, Leonid. V., 706
Ketterle, Wolfgang, 244
kinetic equation
collision term, 730
definition, 730
in/out-term, 731
Pauli blocking, 732
transition probability, 732
kinetic equation, 647
Kondo effect, 87
Kondo temperature, 231, 382
perturbation theory, 229
scaling theory, 380
Kramers—Kronig relations, 404

Lagrange, Joseph-Louis, 6
Lagrangian, 6
Landau, Lev Davidovich, 188
Langevin
equation, 636
equation (higher-dimensional), 674
Langevin, Paul, 636
Larmor precession, 446
lattice gauge theory
action, 596
charged matter, 598
compact electrodynamics, 603
strong coupling, 601
transfer matrix, 604
Wilson loop, 597
Laughlin, Robert B., 499
Lehmann representation, 395
Lie group
adjoint representation, 248
algebra, 248
definition, 248
fundamental representation, 248
Lindblad equation, 701
linear response
density—density, 405
electromagnetic, 407

fluctuation—dissipation theorem, 393
retarded, 390
switching on procedure, 395
theory, 390
Lorentz gauge, 35
Lorentz, Hendrik Antoon, 18
Lorentzian field theory, 18, 103
lower critical dimension, 252
Luttinger liquid
chiral, 520
definition, 73

Moébius strip, 614
macroscopic quantum state, 282
magnetic monopole, 473, 616
magnetic response
Landau diamagnetism, 280
Pauli paramagnetism, 280
quantum Hall effect, 280
Shubnikov—de Haas oscillations, 280
magnetism
frustrated magnet, 77
Heisenberg antiferro—, 76
Heisenberg ferro—, 74
itinerant, 309
magnons, 76
semiclassical approximation, 75
spin—waves, 74
Stoner, 309
Majorana fermion
y-matrices, 531
in Dirac theory, 536
qubit, 538
Majorana, Ettore, 536
manifold
atlas, 767
base, 8
chart, 767
coordinate transformation, 767
cotangent bundle, 771
cotangent space, 771
differentiable, 767
field, 8
local coordinates, 767
pushforward, 769
Riemannian, 777
symplectic, 447
tangent space, 769
with metric, 776
massless excitation, 25
master equation
classical, 654
quantum, 700
Matsubara frequencies, 139
Matsubara summation, 141
Maxwell, James Clerk, 17
Maxwell-Boltzmann distribution, 635
mean fields, 239

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781108494601
www.cambridge.org

Cambridge University Press & Assessment
978-1-108-49460-1 — Condensed Matter Field Theory

Alexander Altland, Ben Simons
Index
More Information

809 Index
metal, 55 vertex, 178
metric organic conductor, 65
Minkovski, 777 orthogonality catastrophe, 414, 740
positive definite, 777

particle indistinguishability, 41

.tensor, 777 . path integral
microreversibility, 647 and statistical mechanics, 101
model

double well, 109
free particle, 106
Hamiltonian, 96
instanton, 111
motivation, 91

Anderson impurity, 87
Caldeira—Leggett, 122
electron phonon, 166
Heisenberg, 63

Hubbard, 60 potential well, 106
sd-, 89 . . .
: . semiclassical analysis, 103
two-dimensional XY, 360 in. 44
modes spin, 448
o Pauli, Wolfgang Ernst, 49
definition, 28 K R S
phonon, 26 Peierls instability, 82
Mott, Sir Neville Francis, 61 Peierls, IEUdOli’g E., 295
Mott—Hubbard gap permutation,

persistent currents, 434

bosonization, 490
phase space

cuprates, 64 !
Moyal product, 801 ZlaﬁSSl'(?ly 9247
MSR functional efini lon.,

field integral, 675 symplectic form, 447

. phase transition
path integral, 664 conjugate field, 336

Néel, Louis, 77 critical phenomena, 333
Néel state, 77 first-order, 335
Nakajima—Zwanzig equation, 700 order parameter, 335
Noether’s theorem, 30 second-order, 332, 335
quther, Amalie E., 31 susceptibility, 336
noise . phonon, 26
demographic, 668 photon, 29
Fano factor, 744 Poisson bracket, 21
Johnson-Nyquist (thermal) noise, 640 Poisson summation formula, 109, 510
linear, 663 polarization operator
multiplicative, 683 dielectric function, 196
power, 640 Lindhard function, 195
shot noise, 641, 744 real time, 194
nonabelian bosonization, 483 three—dimensional electron gas, 194
nonabelian statistics Polyakov, Alexander M., 354
Fibonacci anyons, 494 probability theory
Ising anyons, 494 central limit theorem, 784
nonabelian anyons, 492 characteristic function, 783
nonequilibrium state, 633 conditional probability, 781

nonlinear o-model
as topological field theory, 454 cumulants. 782

definition, 289, 353 expectation value, 781

RG equation, 359 kurtosis of distribution, 782
normal ordering, 138 mean value. 782

number conservation, 70 moment generating function, 783

cumulant generating function, 782, 783

occupation number representation, 44 moments, 782
Onnes, Kammerlingh, 258 multivariate distribution, 781
Onsager—Machlup functional, 665 probability distribution, 781
operator skewness of distribution, 782
number, 49 propagator
occupation number, 48 free, 177
time—ordering operator, 394 Gaussian, 100
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particle-hole, 218 generalized susceptibilities, 386
quantum mechanical, 94 linear, 386
two-particle, 204 response function, 386
pyrochlores, 482 scaling theory
quantum computation, 610 concept, 316
quantum dots finite size scaling, 340
charging energy, 298 scaling fields, 333
electromagnetic response, 417 scaling function, 340
quantum optics scaling laws, 337
atom—field Hamiltonian, 754 Schrieffer, John R., 262
collapse and revival, 757 Schur’s lemma, 131
Rabi oscillations, 757 Schwarzian derivative, 794
quantum phase transition Schwjnger boson7 84
definition, 308, 374 Schwinger, Julian, 540
quantum criticality, 308, 378 second quantization
quantum wire, 65 annihilation operators, 46
qubit, 759 creation operators, 45

introduction to, 40
local density operator, 49
number—phase representation, 148
one-body Hamiltonian, 49
spin operator, 49
two-body operator, 50

self energy, 200

raising and lowering of indices, 778
rare event, 659

RC-time scale, 743
reaction—diffusion systems, 671, 675
reduced density matrix, 429, 699
reduction principle, 4

Reggeon field theory, 684 .
relaxation time, 760 Sfamlon, 612

renormalization group sine—Gordon model, 367, 452

[-functions, 325, 332 skyrmion, 44";.3
e-expansion, 347 Slater determinant, 42

. . special relativity
1 t scaling, 333
El(:;iz:i‘zln 382211 e d’Alembert operator, 524

Eucli i 24
anomalous dimension, 329 uclidean signature, 5

L tz boost, 527
BKT transition, 360 orentz Hoost,

Lorentz invariance, 17
counter terms, 332

Lorentzian signature, 524

Minkowski metric, 18, 524
specific heat

classical, 12

quantum, 25

dimensional regularization, 330
dissipative quantum tunneling, 321
dynamical exponent, 331
engineering dimension, 329

ferromagnetic transition, 342 spectral function
field renormalization, 331 bath. 124
fixed points, 319, 332 deﬁn}tion, 402
flow equation, 331 dispersion relations, 404
Gaussian fixed point, 346 spin
history, 313 —charge separation, 73, 86
idea, 312 coherent states, 449
irrelevant operator, 328 ice, 618
loop expansion, 348 liquid, 610
marginal scaling, 333 statistics theorem, 540
momentum shell, 322 waves, 74
nonlinear o-model, 353 spinor, 526
real space, 322 spontaneous symmetry breaking
RG flow equation, 325 definition, 249
scaling fields, 333 Goldstone modes, 250
self-similarity, 332 Mermin—Wagner theorem, 252
trajectories, 319 Stormer, Horst L., 499
upper critical dimension, 348 statistical principles, 4

response theory stereographic coordinates, 768
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Stirling’s approximation, 172 Bott periodicity, 428
stochastic differential equation, 663 concept, 4
stochastic path integral, 668 conserved charge, 33
stochastic process frustration, 293
definition, 652 Noether current, 33
detailed balance, 655 Noether’s theorem, 30
Fokker—Planck approximation, 659 scale invariance, 34
Furry process, 658 space reflection, 527
Gaussian, 656 spontaneous breaking of, 249
Ito discretization, 664 staggering, 293
kangaroo, 657 symmetric spaces, 427
Kubo-Anderson, 658 translational invariance, 33
large deviation approach, 660 symmetry
Markovian, 642, 653 charge conjugation, 426
one-step process, 658 chiral, 424, 427
Ornstein—Uhlenbeck, 689 parity, 526
Poisson, 657 time-reversal, 426, 526
purely random, 653
random walk, 655 thermal equilibrium, 633
stationary, 653 thermal escape rates, 665
Stokes, Sir George Gabriel, 775 thermodynamic potential, 137
Stone—von Neumann theorem, 47, 80 't Hooft, Gerardus, 111
stress—energy tensor, 34 Thouless, David J., 363
Su—Schrieffer—Heeger model, 82, 423 tight-binding approximation, 54
sum rule, 405 time evolution operator, 93
superconductivity Tomonaga—Luttinger liquid, 73
d-wave, 267 topological field theory, 494
p-wave, 267 topological matter
Anderson—Higgs mechanism, 283 bulk-boundary correspondence, 425
BCS gap equation, 270 long-range entanglement, 422
BCS Hamiltonian, 259 periodic table, 425
Bogoliubov quasi-particles, 264 short-range entangled, 422
Bogoliubov—de Gennes Hamiltonian, 263 topological defect, 363
Cooper pairs, 259 topological insulators, 425
critical temperature, 262 topological order, 428
energy gap, 264 topological phase transition, 610
Ginzburg-Landau action, 273 topological quantum computation, 612
Gorkov Green function, 269 topology
Josephson junction, 277 definition, 435
London equation (first), 284 homotopy, 436
London equation (second), 284 homotopy group, 436
Meissner effect, 284 topological space, 435
motivation, 258 toric code
Nambu spinor, 263 Hamiltonian, 608
order parameter, 262 logical qubit, 610
penetration depth, 284 non-abelian anyon, 612
spin triplet, 267 string net condensate, 609
superfluid density, 280 transfer matrix, 315
two-fluid model, 281 transformation
superfluidity canonical, 148, 254
critical velocity, 257 Holstein—Primakoff, 75
dark soliton, 720 Jordan—Wigner, 85, 149
Gross—Pitaevskii equation, 246 Tsui, Dan C., 499
supercurrent, 255 tunneling, 109
vortex, 257 density of states, 298
supersymmetry, 134 dissipative, 122
symmetries macroscopic quantum, 122
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ultraviolet
cutoff, 180
divergence, 179
Umklapp scattering, 490
universality, 4

vacuum
false, 118
space, 44
state, 44
Van der Waals forces, 30
von Klitzing, Klaus, 456

Wannier states, 55
Ward identity, 792
wave equation
definition, 10
sound waves, 10
weak /strong coupling, 354
Wess—Zumino terms
coordinate representation, 477
invariant representation, 477

level, 477

sphere, 476

spin, 474

unitary group, 485
Weyl fermion

definition, 528

left- and right-handed, 529
Weyl Semimetals, 528
Wick rotation, 103
Wick’s theorem, 99
Wieman, Carl E., 244
Wigner crystal, 188
Wigner surmise, 687
Wigner transform, 800
Wigner, Eugene Paul, 426
Wilson, Kenneth G., 314
winding number, 432, 509
Witten, Edward, 483

XY-model, 251

zero-bias anomalies, 741
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