
Index

Aharonov–Bohm effect, 31, 85, 95–7
anomaly, 47, 79

Adler–Bell–Jackiw, see chiral
axial, see chiral
chiral, 47, 51, 55
four-dimensional, 55–7
lattice, 143, 145, 148, 152, 154
non-Abelian, 59
two-dimensional, 57–8

scale, 47, 59, 61–3
non-Abelian, 63

area derivative, 259–63, 268
area law, 117–8, 170, 243, 274, 277
asymptotic freedom, 121, 172, 190,

196, 208, 210, 217, 236, 390–1
asymptotic scaling, 119–20, 157
auxiliary field, 188, 191

background field, 204
backtracking condition, 92, 259–60,

262
barrier at d = 1, 312–4
Bianchi identity, 87, 260–1

lattice, 353
loop-space, 262–3

Boltzmann distribution, 33, 137–9,
159–60, 162

boundary condition
antiperiodic, 159, 166–7
periodic, 31, 100–1, 159–60, 162,
165–8, 325, 333, 357, 366
twisted, 351, 366–7, 377, 400–4

Brownian motion, 20, 79
bubble graph, 191

Chern class
first, 367
second, 78

classical action, 21–2, 29, 35, 41, 47,
50, 69

classical limit, 21
collective coordinate, 70, 72
color, 88, 185
commutator

canonical, 4, 41, 45, 51
Heisenberg, 351, 368, 373, 396
Weyl–’t Hooft, 352, 368, 402

commutator term, 41
regularized, 46, 54

completeness condition
SU(N), 214
U(N), 217
basis functions, 52
Fourier basis, 360
Hilbert space, 5
large-N , 275
Weyl basis, 356

confinement criterion, 117, 159
finite temperature, 159, 168–70

confinement of quarks, 83, 99, 117–8,
123, 128, 169–70, 175

conformal group, 197–8
connected correlator, 44
correlation length, 121, 127, 170
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Coulomb law, 111–2, 117–8, 254–5
covariant derivative, 29

non-Abelian, 86
current

axial, 47, 49, 59
lattice, 149

conformal, 197–8
dilatation, 47, 59–60, 198
scale, see dilatation
vector
lattice, 148

dimension
anomalous, 59, 194, 196
canonical, 59
scale, 59–60, 194, 305, 310

dimensional transmutation, 120–1,
210

double scaling limit
Hermitian matrix model, 304
twisted reduced model, 382

double-line representation, 215–9, 226
gluon operator, 238
Hermitian matrix model, 289
noncommutative theory, 387
quark operator, 239–40
reduced model, 328–9, 332, 347
Veneziano limit, 234–5

double-well potential, 65–6
dynamical discretization

random paths, 27
random surfaces, 287, 292–3

effective action, 204
effective potential, 205–6
Eguchi–Kawai model, 325

naive, 333
continuum, 337
lattice, 333

quenched, 342
continuum, 342
lattice, 348–9

twisted, 362
continuum, 372
lattice, 363–4
with fundamental matter, 374

Elitzur theorem, 131–3, 335

entropy, 171–2, 208–9, 244, 279, 303
equilibrium ensemble, 137
Euclidean formulation, 6–9
Euler characteristic, 232, 242, 292
evolution operator, 3, 22, 24, 160
expansion in 1/N , 185

matrix model, 287, 300, 302
QCD, 213–4, 265
twisted reduced model, 359
vector model, 187
Yang–Mills theory, see QCD

factorization at large N
Hermitian matrix model, 295, 298
reduced model, 332, 394
vector model, 211
Yang–Mills theory, 237–9, 241–3
245–6, 248, 264–5, 274, 315
quark operator, 240–1

Faddeev–Popov method, 70, 109, 290
fatgraph, see ribbon graph
fermion doubling, 145–9
Feynman diagram, 39
Feynman disentangling, 3, 13, 14, 16,

22–3, 29, 79, 161, 252
γ-matrices, 251
color matrices, 90

Feynman–Kac formula, 33, 160
field strength

Abelian, 48
dual, 56
non-Abelian, 59, 87
noncommutative, 383

fixed point, 121, 134, 196–7, 199
flavor, 156, 172, 213, 233–6, 239–40,

374–5, 390, 404
flux tube, 175–6, 243

breaking of, 176
four-Fermi theory, 188

fixed point, 192, 194
Gell-Mann–Low function, 189
renormalizability, 188, 192–3

functional integral, see path integral

gap equation, 205–6
gauge group, 85
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gauge theory
finite temperature, 160
lattice, 83, 99–100
Abelian, 99
averages in, 109
continuum limit, 99, 105–6
finite temperature, 167
Hamiltonian formulation, 100
non-Abelian, 99
partition function, 107

noncommutative, 377, 383–6
lattice, 398

gauge-fixing, 51, 61, 63, 109, 257–8,
387

Gell-Mann–Low function, 60, 120–1,
197–8

generating functional, 44, 200
connected graphs, 45, 202
planar graphs, 227–9

generators
SU(N), 86
U(N), 217
Weyl basis on gl(N ;C), 355

genus expansion, see topological ex-
pansion

gluodynamics, 117
Grassmann variable, 37, 49, 79

one-dimensional, 90, 166
Gross–Neveu model, 188, 190
group measure, 108

Weyl form, 289, 291, 342

Haar measure, 107–9, 113, 144, 283,
290, 313, 333–4, 342, 363, 398

hadron matter, 159, 171, 174–5, 177,
179

hopping parameter, 154

index line, 215–6, 226, 230
induced action, 156
instanton, 65, 69–70, 77–8, 80

symmetry restoration, 75
zero mode, 70–2

invariance, see symmetry

Kazakov–Migdal model, 313–4
KdV hierarchy, 309

kink, 69
Kontsevich model, 310

large-mass expansion, 154–5
lattice, 100

hypercubic, 100, 102
lattice action, 104

adjoint, 107, 126
continuum limit, 105–6, 134
mixed, 107
universality of, 107
Wilsonian, 104

lattice artifacts, 126
lattice fermions, 143

chiral, 145, 152
Kogut–Susskind, 151–2, 157
staggered, 151
Wilson, 152–4

lattice spacing, 100, 102
link, 100–1
loop equation, 247, 249, 263–72, 274

Abelian, 279, 281
Eguchi–Kawai model
naive, 336, 338
quenched, 344
twisted, 365, 373

Kazakov–Migdal model, 313
lattice, 265–6, 275
one-matrix model
Hermitian, 297, 299, 301–2,
306, 309
unitary, 283, 285

QCD2, 281
two-matrix model, 311

loop insertion operator, 298, 305
loop space, 249, 258–9, 261–3, 265,

269–73, 315
loop-space Laplacian, 271–3

M-theory, 323
Mandelstam relation, 246
Markov process, 138
master field, 243, 245–8
matrices

γ, 9, 239, 251
clock and shift, 353
Pauli, 10
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matrix field, 215, 233
matrix model, 287

Hermitian, 288, 291, 311–2
unitary, 283

Maxwell equation
non-Abelian, 87
lattice, 105

mean field, 123, 128–30, 133, 179
variational, 131–2

minimal surface, 116–7, 242, 260
Monte Carlo algorithm, 138

heat bath, 139
Metropolis, 140

Monte Carlo method, 83, 123, 136–8
Morita equivalence, 399, 401, 403

with fundamental matter, 403
Moyal bracket, 382
Moyal product, see star product
multicolor QCD, 185
multicritical point, 304
multiparticle production, 208

Nielsen–Ninomiya theorem, 150
Noether theorem, 47, 49, 60, 148
noncommutative Uθ(1) theory, 383,

387, 390
one-loop renormalization, 388

noncommutative Uθ(n) theory, 386
noncommutative coordinates, 379
noncommutative random variable, 246
noncommutative source, 228–9
nonlinear sigma model, 208

Gell-Mann–Low function, 210
infrared problem, 210
symmetry restoration, 210

nonplanar diagram, 218
noncommutative theory, 387
reduced model, 332
twisted reduced model, 358–9,
371

operator calculus, 3
in loop space, 259

operator formalism, 1, 3–4
ordering

normal, 11, 188
path, 11–2, 14, 88

symmetric, 11, 369–70
time, 3

oscillator
anharmonic, 65
harmonic, 5, 164
finite temperature, 163

parallel transport, 31–2, 85
non-Abelian, 93–5
noncommutative, 391–2, 399

partition function, 33, 35
thermal, 160

path derivative, 259, 261, 263, 268
path integral, 1, 14

discretized, 19
Gaussian, 18–9, 36, 39, 162, 164

Penner model, 300
perimeter law, 118, 243
perturbation theory, 38
phase factor, 31, 85

Abelian, 30–1
for closed loop, 32

lattice, 103, 110
non-Abelian, 88–90, 93, 97, 227,
246, 252
for closed loop, 246

noncommutative, 391, 394
phase transition, 303

chiral, 159, 175–7
compact QED, 127
deconfining, 128, 159, 171, 173–4,
176–7, 179
in early universe, 175, 179

first-order, 123–4, 126, 130, 133
Gross–Witten, 285-6, 296, 303,
316
second-order, 121, 123, 126–8,
133, 136
third-order, 285, 296, 303

planar diagram, 218–9
noncommutative theory, 380,
387–8, 390
number of, 219
reduced model, 327–9, 331, 345–6
twisted reduced model, 358–9

plaquette, 101
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Poisson bracket, 362, 382
Polyakov loop, 168–9, 400

lattice, 168
propagator, 36

bare, 42–3
Euclidean, 9, 19
fermion, 191

exact, 43
Feynman, 4, 9
free, 3–4, 40, 42
gluon, 214
in external field, 13, 29, 32
lattice, 154–5
non-Abelian, 91

Minkowskian, 37
momentum-space, 4–5
regularized, 46

proper time, 19–21

quantum chromodynamics, 87, 233
Euclidean action, 87
finite temperature, 166, 170, 179
Gell-Mann–Low function, 172,
236
lattice, 144

quantum electrodynamics, 47
Euclidean action, 48
noncommutative, 389–90
triviality of, 391

quark condensate, 157
quark loop at large N , 230–5
quark operator, 239–41
quark–gluon plasma, 171, 173–5
quenched approximation, 157–8, 234,

250
quenched momenta, 327

regularized, 330
quenched reduced model

gauge field, 342
continuum, 342–3
lattice, 348

high genera, 332
scalar field
continuum, 330
lattice, 326–7

quenched variable, 327

quenching prescription, 323, 325
quotient condition, 396

discrete, 396

recursion relation, 123, 135–6
reduced action

gauge field
continuum, 337, 372
lattice, 333

scalar field
continuum, 330, 371
lattice, 327

reduction at large N , 323, 326
gauge field, 332

regularized measure, 52–4
renormalizability, 60
renormalization group, 61, 99, 133,

196–7
lattice, 133–5
Monte Carlo, 136

reparametrization, 26, 259
resolvent, 5

diagonal, 24
Gel’fand–Dikii, 25, 74, 207, 307

ribbon graph, 217
Riemann surface, 217, 219, 226, 232,

292, 310, 315
Riemann–Hilbert method, 294

saddle point, 21, 41, 68, 125
large-N , 187, 200, 211
Hermitian matrix model, 291–2
nonlinear sigma model, 208–9,
211
scalar theory, 200–4, 207
unitary matrix model, 286
Yang–Mills theory, 233, 243–5

perturbation theory, 125, 187
scalar theory, 38

O(N)-symmetric, 200
Gell-Mann–Low function, 200

matrix-valued
continuum, 330
lattice, 325–6

noncommutative, 380
triviality of, 200, 206
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Schwinger–Dyson equation, 40
Hermitian matrix model, 288,
295, 297
QED, 50
regularized, 54

scalar theory, 41, 43
semiclassical expansion of, 247
Yang–Mills theory, 255, 257, 261
second-order, 270

self-averaging, 327, 331
semicircle law, 295
site, 100
spectral density, 285, 291

matrix model
Hermitian, 295–6, 303
unitary, 286, 295

star exponential, 384
star product, 379–81, 385
star unitarity, 384
Stokes functional, 259–62, 264, 268
Stokes theorem, 31

non-Abelian, 95
string equation, 307
string representation

QCD, 185, 213, 236, 274–5
two-dimensional, 282, 315

reduced model, 362
string tension, 117–21, 124, 128, 140–

1, 172, 243
strong-coupling expansion, 83, 113,

179
Eguchi–Kawai model, 325, 335
lattice gauge theory, 116–7, 124
factorization in, 241–3
finite temperature, 170
string tension, 118

lattice QCD2, 284
symmetry

Rd, 338–43, 373–4
U(1)d, 334–6, 338, 348, 364
Z(3), 169–70
chiral, 143, 151, 156, 159, 175–6
spontaneously broken, 156–7,
175

conformal, 197–9
cubic, 141, 143

gauge, 85, 87, 95
parametric, 26, 30, 259, 273
scale, 60, 196–7, 199
broken, 60, 199

spontaneous breaking, 156
symplectic diffeomorphism, 361–2

thermal density matrix, 161
harmonic oscillator, 164

thermodynamic equilibrium, 159–61
theta-term, 78
Thirring model, 190
’t Hooft coupling, 257, 383
’t Hooft flux, 366–7, 377, 402–3
’t Hooft limit, 213, 233–5, 241, 382,

388
topological charge, 65, 77
topological expansion, 213

Hermitian matrix model, 300–2
continuum limit, 305

twisted reduced model, 359
Yang–Mills theory, 219
with quarks, 230

topological theory, 310
trajectory, 3, 14, 20

Brownian, 19
classical, 21
discretized, 15, 17
parametrization of, 20
saddle-point, 25
smooth, 19

transformation
chiral, 48–9
lattice, 149–50

gauge, 30
Eguchi–Kawai model, 333
lattice, 103, 143
matter field, 30, 85
non-Abelian, 86, 93

reparametrization, 20
scale, 59–60
special conformal, 198
star gauge, 383–6
lattice, 398, 403
matter field, 389

transition matrices, 366, 396

https://doi.org/10.1017/9781009402095.018 Published online by Cambridge University Press

https://doi.org/10.1017/9781009402095.018


Index 417

tunneling, 65, 67, 77
twist eaters, 352–5, 405
twisted torus, 366–7, 403
twisting prescription, 323, 351, 368
two-dimensional quantum gravity,

292, 304–5, 309–13

ultraviolet regularization, 45
dimensional, 46, 51, 253, 267
lattice, 83, 99
Pauli–Villars, 46
point-splitting, 46, 54
proper-time, 46

UV/IR mixing, 388–9

valence quark, 158, 231, 234, 236
vector

bra and ket, 5, 160
Hilbert space, 6, 24, 369

Veneziano limit, 213, 233–6, 241, 374,
390

vertex, 42
four-gluon, 216
three-gluon, 215, 226

Virasoro constraint, 299, 309
virtual quark, 158–9, 175–6, 213, 231–

2, 235

Ward identity, 50

chiral, 48, 50
dilatation, 61
gauge, 61, 63, 257

weak-coupling expansion, 124–5
QCD2, 284

Weyl transform, 370–1, 379–82, 405
Wick pairing, 39, 44, 91
Wick rotation, 8, 41
Wiener measure, 20
Wilson line, 159, 168
Wilson loop, 110

average of, 110
Eguchi–Kawai model, 335, 337
quenched, 344, 347
twisted, 364–5, 373

Hermitian matrix model, 297, 305
noncommutative, 393
closed, 393–5
lattice, 399–400
open, 393–5

QCD2, 275–6, 278–9
lattice, 279, 285

renormalization of, 252–3
two-dimensional gravity, 309

Yang–Mills theory, 87, 95, 244, 249,
255, 257, 261, 323, 337
noncommutative, 383

Yossarian, 1
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