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Näherungsweise Integration der Feldgleichungen der Gravitation.
Sitzungsberichte der Königlich Preussischen Akademie der Wissenschaften Berlin
part 1: 688696.
Einstein, A. 1918.
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(arXiv:cond-mat/9907002 (cond-mat.mes-hall)).

[415] v. Klitzing, K., Dorda, G. and Pepper, M. 1980.
New method for high-accuracy determination of
the fine-structure constant based on quantized Hall resistance.
Physical Review Letters 45 (1980) 494.

[416] Tsui, D.C., Störmer, H.L. and Gossard, A.C. 1982.
Two-Dimensional Magnetotransport in the Extreme Quantum Limit.
Physical Review Letters 48 (1982) 1559.



627 References

[417] Ando, T., Matsumoto, Y. and Uemura, Y. 1975.
Theory of Hall e↵ect in a two-dimensional electron system.
Journals of the Physical Society of Japan 39 (1975) 279.

[418] Tong, D. 2016.
Lectures on the Quantum Hall E↵ect.
(arXiv:1606.06687 (hep-th)).

[419] Fradkin, E. 2013.
Field Theories of Condensed Matter Physics.
(Cambridge Press, 2013).

[420] Laughlin, R. B. 1983.
Anomalous Quantum Hall E↵ect: An Incompressible
Quantum Fluid with Fractionally Charged Excitations.
Physical Review Letters 50 (1983) 1395.

[421] Laughlin, R.B. 1981.
Quantized Hall conductivity in two dimensions.
Physical Review B23 (1981) 5632.

[422] Thouless, D.J., Kohomoto, M., Nightingale M.P. and den Nijs, M. 1982.
Quantized Hall Conductance in a Two-Dimensional Periodic Potential.
Physical Review Letters 49 (1982) 405.

[423] Luther, A. and Peschel, I. 1974.
Single-particle states, Kohn anomaly, and pairing fluctuations in one dimension.
Physical Review B9 2911.

[424] Coleman, S. 1975.
Quantum sine-Gordon equation as the massive Thirring model.
Physical Review D11 2088.

[425] Mandelstam, S. 1975.
Soliton operators for the quantized sine-Gordon equation.
Physical Review D11 3026.

[426] Burgess, C.P. and Quevedo, F. 1993.
Bosonization as duality.
Nuclear Physics B421 373,[arXiv:hep-th/9401105 [hep-th]].

[427] Floreanini, R. and Jackiw, R. 1987.
Self-dual fields as charge-density solitons.
Physical Review Letters 59 (1987) 1873.

[428] Aharonov, Y. and Bohm, D. 1959.
Significance of electromagnetic potentials in quantum theory.
Physical Review115 (1959) 485.

[429] Leinaas, J.M. and Myrheim, J. 1977.
On the Theory of Identical Particles.
Il Nuovo Cimento B37 (19977) 1.
Wilczek, F. 1982.
Quantum Mechanics of Fractional-Spin Particles.
Physical Review Letters 49 (1982) 957.



628 References

[430] Zhang, S.C., Hansson, T. and Kivelson, S. 1989.
E↵ective-Field-Theory Model for the Fractional Quantum Hall E↵ect.
Physical Review Letters 62 (1989) 82.

[431] Jain, J.K. 1989.
Composite-fermion approach for the fractional quantum Hall e↵ect.
Physical Review Letters 63 (1989) 199.

[432] Lee, D.H. and Fisher, M.P.A. 1989.
Anyon Superconductivity and the Fractional Quantum Hall E↵ect.
Physical Review Letters 63 (1989) 903.

[433] Burgess, C.P. and Dolan, B.P. 2001.
Particle vortex duality and the modular group:
Applications to the quantum Hall e↵ect and other 2-D systems.
Physical Review B63 (2001) 155309 (hep-th/0010246).

[434] Kivelson, S., Lee, D.H. and Zhang, S.C. 1992.
Global phase diagram in the quantum Hall e↵ect.
Physical Review B46 (1992) 2223.

[435] Lutken, C.A. and Ross, G.G. 1992.
Duality in the quantum Hall system.
Physical Review B45 (1992) 11837.

[436] Witten, E. 2003.
SL(2,Z) action on three-dimensional conformal field theories with Abelian symmetry.
In *Shifman, M. (ed.) et al. From fields to strings, vol. 2
pp 1173-1200 (hep-th/0307041).
Seiberg, N., Senthil, T., Wang, C. and Witten, E. 2016.
A Duality Web in 2+1 Dimensions and Condensed Matter Physics.
Annals of Physics 374 (2016) 395 (arXiv:1606.01989 (hep-th)).
Karch, A., Tong, D. and Turner, C. 2019.
A Web of 2d Dualities: Z2 Gauge Fields and Arf Invariants.
(arXiv:1902.05550 (hep-th)).

[437] Bayntun, A., Burgess, C.P., Dolan, B.P. and Lee, S.S.
AdS/QHE: Towards a Holographic Description of Quantum Hall Experiments.
New Journal of Physics 13 (2011) 035012 (arXiv:1008.1917 (hep-th)).
Lutken, C.A. and Ross, G.G.
Experimental probes of emergent symmetries in the quantum Hall system.
Nuclear Physics B850 (2011) 321 (arXiv:1008.5257 (cond-mat.str-el)).

[438] See for example, Kreuzer, H.R. 1984.
Non-Equilibrium Thermodynamics and its Statistical Foundations,
(Monographs on the Physics and Chemistry of Materials, Oxford Press 1984.)

[439] For classic textbook treatments see for example:
Batchelor, G. K. 1967.
An Introduction to Fluid Dynamics.
(Cambridge Press, 1967).
Landau, L. D. and Lifshitz, E. M. 1987.



629 References

Fluid mechanics.
A Course of Theoretical Physics (2nd revised ed.) Vol 6, (Pergamon Press, 1987).

[440] Herglotz, G. 1911.
Annalen der Physik 341 (1911) 493.

[441] Taub, A.H. 1954.
General Relativistic Variational Principle for Perfect Fluids.
Physical Review 94 (1954) 1468.

[442] Salmon, R. 1988.
Hamilton’s Principle and the Vorticity Laws for a Relativistic Perfect Fluid.
Geophysical and Astrophysical Fluid Dynamics 43 (1988) 167.

[443] Jackiw, R., Nair, V.P., Pi, S.Y. and Polychronakos, A.P. 2004.
Perfect Fluid Theory and its Extensions.
Journal of Physics A 37 (2004) R327 [arXiv:hep-ph/0407101].

[444] Andersson, N. and Comer, G. 2007.
Relativistic Fluid Dynamics: Physics for Many Di↵erent Scales.
Living Reviews of Relativity 10 (2007) 1 [arXiv:gr-qc/0605010].

[445] Nicolis, A. 2011.
Low-energy e↵ective field theory for finite-temperature relativistic superfluids.
(arXiv:1108.2513 (hep-th)).

[446] For a classic discussions of dissipation in relativistic fluids see:
Tolman, R.C. 1934.
Relativity, Thermodynamics, and Cosmology.
(Oxford: Clarendon Press,1934. Reissued Dover, New York, 1984).
For a more recent view see for example:
Arnold, P., Romatschke, P. and van der Schee, W. 2014.
Absence of a local rest frame in far from equilibrium quantum matter.
Journal of High Energy Physics 1410 (2014) 110 (arXiv:1408.2518 (hep-th)).

[447] For textbook discussions see:
Carmichael, H. 1991.
An Open Systems Approach to Quantum Optics.
( Springer Verlag, 1991).
Breuer, H.-P. and Petruccione, F. 2002.
The Theory of Open Quantum Systems.
(Oxford Press, 2002).
Alicki, R. and Lendi, K. 2007.
Quantum Dynamical Semigroups and Applications.
(Springer, 2007).

[448] See for example, Burgess, C.P. and Michaud, D. 1996.
Neutrino propagation in a fluctuating sun.
Annals of Physics 256 (1997) 1 (hep-ph/9606295).

[449] Liouville, J. 1838.
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light propagation, 480
Lindblad equation, 500
Liouville equation, 467
local equilibrium, 463
London equations, 418
loop expansion, 23
loop expansion, validity of, 55
Lorentz anomalies, 219
low-energy theorems, 75
LSZ reduction, 321, 518, 573
lump, Nambu action, 341
lump, Polyakov action, 341
lumps, 335
lumps, electromagnetic couplings, 345

magnetic moment, anomalous, 298
magnetic monopole, 395, 446
magnons, 388, 392
Majorana spinor, 521
Mandelstam invariants, 263
marginal interaction, 43
marginal interactions, 41
mass dimension of fields, 39
mass generation, see-saw mechanism, 222
master equations, 498
matching, 67
matching conditions, 181
Maxwell equation, 481
mean-field theory, 471
mean-field theory, domain of validity, 492
Meissner e↵ect, 404
mesonic atoms, 374
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mesons, pseudoscalar, 194
method of regions, 62, 66, 80, 291
metric conventions, 516
metric, Einstein frame, 262
metric, induced, 179, 340
metric, string frame, 262
metric, target space, 570
Migdal’s theorem, 431
minimal flavour violation, 216
minimal subtraction, 66
minimal subtraction scheme, 526
Minkowski metric, 516
mixed anomalies, 219
mixed state, 466
modified minimal subtraction, 66, 526
moduli, 266, 337
modulus stabilization, 266
molecular scattering, 325
MSW oscillations, 479
Mukhanov variable, 256
multipole moments, 329, 347
Møller wave operators, 532

Néel ordering, 389
Nakajima-Zwanzig equation, 498
Nambu action, 341
Nambu-Goldstone boson, 87
naturalness, 225
naturalness, ’t Hooft, 229
Navier-Stokes equations, 415, 463
Neumann boundary conditions, 120
neutrino interactions, 475
neutrino mass, 222
neutrino masses, 220
neutrino oscillations, resonant, 506, 507
neutrino propagation in matter, 475
neutrinos, 168
Newton’s gravitational constant, 170, 233
Noether current, 83, 105, 193, 203, 315, 393,

396–398, 410, 411
Noether’s theorem, 83, 463, 542
non-renormalizable interactions, 41
non-renormalization theorems, 263
nonrenormalizable interactions, 220
NRQCD, 324
NRQED, 317
NRQED, matching, 318
nuclear shifts of atomic levels, 369

occupation-number representation, 539
Ohm’s law, 445
one light-particle irreducible, 29
one-particle irreducible, 24
one-particle reducible, 24
open systems, 459, 466
open systems, subsectors, 466
optical theorem, 206
optical theorem, open systems, 473

order parameter, 87, 193, 345, 389, 560
ortho-positronium, 324
Ostrogradsky ghost, 134
out vacuum, 17

para-positronium, 324
parameter drift, 144
parity, 555
parity invariance, 156
parity violation, 151
Parke formula, 507
particle flavour, 152
particle-antiparticle systems, 316
Pauli blocking, 420
perfect absorber, 369
perfect emitter, 369
phonons, 410, 433
photon, 211
photons, 168
pion-nucleon coupling, 203
pionic atoms, 374
Planck length (reduced) value, 246
Planck mass, 170
Planck mass (reduced) value, 246
PMNS matrix, 152, 173, 475
pNRQED, 310
Poincaré symmetry, 339, 411
point lumps, 341
point particles, 341
polarizability, 325, 480
Polyakov action, 341
portal, scalar, 226
portals, 227, 239
positronium, 317, 320
positronium annihilation rate, 324
potential NRQED, 310
power counting, 50, 157, 243, 321
power counting, using cuto↵s, 54
power counting, using dimensional regularization, 70
power counting, with loops, 55
power divergences, 60
PPEFT, 353
PPEFT, relativistic bosons, 377
primordial fluctuations, 211, 225, 247
proper Lorentz transformation, 555
proper time, 342
pseudo-Goldstone boson, 92, 193
pseudo-real representations, 106
pure state, 466

QCD scale, 190
quantum action, 21
Quantum Chromodynamics, 187
quantum corrections in the solar system, 246
Quantum Electrodynamics, 154, 317
quantum field theory review, 538
quantum fields, free, 541
quantum fields, nonrelativistic, 541
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quantum fields, relativistic, 544
quantum fields, spin half, 545
quantum fields, spin one, 546
quantum fields, spin two, 548
quantum fields, spin zero, 544
quantum Hall e↵ect, 442
quark charges, 189
quark mass ratios, 210
quarkonium, 324
quarks, 151
qubit, 502

Ramond-Ramond scalar, 383
Rayleigh scattering, 326
reduced density matrix, 468
reduced mass, 307
redundant interaction, 44, 296, 370
reflection, 482
refraction, 482
relevant interaction, 43
relevant interactions, 41
renormalizable interactions, 41
renormalizable interactions, why they are important,

77
renormalization, 353
renormalization group, 60, 162, 357, 496
renormalization group, exact, 58
renormalization group, limit cycle, 367
renormalization scheme, 161, 525
renormalization scheme, mass independent, 162
renormalization scheme, on-shell, 526
renormalization, on-shell scheme, 301
renormalization, physical rationale, 63
renormalization-group improvement, 162
representations, reducible, 553
resonant neutrino oscillations, 506, 507
resummation of large logarithms, 162
Ricci tensor, 563
Riemann tensor, 179, 241, 516, 548, 562
Riemann zeta function, 264
rotating wave approximation, 500
Rutherford scattering, 383

S-matrix, 532
scalar field, 279
scalar portal, 226
scattering amplitude, 52, 376
scattering length, 327, 376
scattering states, 531
scattering theory, 531
scattering, delta-function potential, 383
scattering, inverse-square potential, 383
scattering, light by light, 160
scattering, Rutherford, 383
scattering, toy model, 6
Schrödinger field theory, 276
Schrie↵er, 433
Schur’s lemma, 571

Schwarzschild geometry, 246
Schwarzschild radius, 246
screening, 179
see-saw mechanism, 222
semiclassical approximation, 5
semiclassical expansion, domain of validity, 55
semiclassical expansion, justification, 23
semiclassical limit, toy model, 5
Slavnov-Taylor identities, 49
slepton, 238
slow-roll inflation, 252
SMEFT, 220
SMEFT, dimension-five interactions, 221
SMEFT, dimension-six interactions, 222
Snell’s law, 482
soft-pion theorems, 198
solar mass, value, 246
solar radius, value, 246
solitons, 336
Sommerfeld enhancement, 291
sound speed, 140
spectrum, toy model, 5
spinning particle, 343
spurion, 196
squark, 238
Standard Model, 150, 211
Standard Model fermions, 151, 523
Standard Model gauge group, 211
Standard Model scalar potential, 212
Standard Model, anomaly cancellation, 217
Standard Model, beyond, 220, 224
Standard Model, fermion content, 214
statistical degeneracy, 421
step function, 308, 573
sterile particle, 214, 226
Stokes theorem, 44, 115
stress-energy tensor, 142
string coupling, 259
string frame, 262
string frame metric, 262
string scale, 258
string scattering amplitude, 263
string tension, 258
string theory, 257, 258
string theory, heterotic, 260
string theory, spectrum, 259
string theory, Type I, 260
string theory, Type IIA, 260
string theory, Type IIB, 260
strings, 258, 335
strings, closed, 259
strings, open, 259
strong CP problem, 226
strong interactions, 187, 211
Stuckelberg field, 401
Stueckelberg ‘trick’, 100
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Stueckelberg field, 100, 452
Sudakov logarithms, 293
superconductivity, 400, 433
superficial degree of divergence, 79
supergravity, 260
supersymmetry, 231, 232, 259
surface currents, 447
surface polarization energy, 178
symmetric space, 554
symmetries broken by t-dependent backgrounds, 138
symmetries, abelian, 93, 98
symmetries, anomalous, 105
symmetries, approximate, 91, 105
symmetries, discrete, 555
symmetries, explicit breaking, 98, 100
symmetries, formulation in field theory, 81
symmetries, gauge, 98, 100, 169
symmetries, global, 548
symmetries, implications in quantum mechanics, 81
symmetries, internal, 554
symmetries, internal vs external, 83
symmetries, linear realization, 13, 90, 138
symmetries, local, 557
symmetries, low energy, 12, 68
symmetries, low-energy realizations, 89
symmetries, nonabelian, 94
symmetries, nonlinear realization, 14, 68, 93, 94, 98,

194, 388, 566, 567
symmetries, particle representation, 84
symmetries, spacetime, 335, 410, 554
symmetries, unbroken, 83
symmetry breaking, explicit, 91, 196, 393
symmetry breaking, spontaneous, 13, 86, 93, 98, 100,

166, 192, 339, 388, 549

tadpole graphs, 21
target-space metric, 195, 253, 340
technical naturalness, 224, 229
technicolour, 231
tetrad, 517
thermal scattering, 487
Thomson scattering, 305, 351, 489
Time dependent perturbation theory, 533
time dependent systems, 126
time reversal, 555
time-dependent background, 127, 247
time-dependent background, fluctuations, 139
time-dependent background, sound speed, 140
time-ordered correlation functions, 17
topological order, 450
topology, 44
total derivatives, 44
toy model, 5, 126, 131
toy model, 1LPI action, 29
toy model, boundaries, 116
toy model, classical approximation, 29
toy model, dimensional analysis, 42

toy model, e↵ective action, 9
toy model, high-energy/low-energy split, 26
toy model, loop calculation, 34
toy model, loops, 57, 72
toy model, low-energy limit, 8
toy model, matching, 68
toy model, nonabelian, 566
toy model, redundant interactions, 45
toy model, scattering, 6
toy model, semiclassical limit, 5
toy model, spectrum, 5
toy model, Wilson action, 34
two-dimensional conductivity, 443, 445
two-level atom, 502

Uehling interaction, 332
Uehling term, 318
uncertainty principle, 11
unitarity bound, 103
unitary gauge, 100, 212, 561
unitary gauge, gravity, 256
unstable particles, 317

vacuum polarization, 180, 181, 525
validity of the loop expansion, 55
Veneziano amplitude, 263
vertex correction, 300
vierbein, 517
vortices, 335

W boson, 150, 171, 211
W boson mass, 170, 171
warp factor, 264
wave equation, 481
Wave packets, 533
weak decays, 152
weak hypercharge, 211
weak interactions, 150, 211, 475
weak interactions, charged currents, 151
weak mixing angle, 475
weak-mixing angle, 151
Weinberg angle, 151, 475
well-posed initial-value problem, 136
Wess-Zumino action, 111
Weyl spinor, 521
Weyl tensor, 548
Wick rotation, 27, 48, 65, 523
Wigner-Eckart theorem, 485
Wilson action, 32
Wilson coe�cient, 302, 315
wino, 239
world-volume extrinsic curvature, 343
world-volume reparameterization invariance, 340

Yang’s theorem, 174
Yukawa interactions, 215

Z boson, 171, 211
Z boson mass, 171
zero mode, 338


