
Index

Abelian gauge theory, 97–98
Abelian group, 88
Abrikosov flux tubes, 139
action
continuum, 11
discretized, 10
functional, 9
plaquette, 140
Symanzik-improved, 66–67

action density, see Lagrange function
anharmonic oscillator, 6, 12
anticommuting numbers, 149
antiferromagnetic phase, 38
antiquarks, 179, 181
asymptotic freedom, 3, 121–125, 189
asymptotic scaling, 140–144
Atiyah–Singer index theorem, 204
averaging function, 68
axial vector current, 202
axis-reversal symmetry, 74

bare coupling, 141, 180
constant, 50

baryons, 2, 175, 179–180, 184–185
masses, 184
propagators, 173–177
three-quark hopping, 177

Berezin integral, 246
beta function, 49, 55–56, 58, 122
coefficient, 59
trick, 49

Born approximation, 59
Bose-field denominator, 154
bosons, 2, 26, 77, 158

Callan–Symanzik
beta function, 55
coefficient, 57
equations, 49, 56

canonical quantization, 106

Casimir operator, 232
quadratic, 113, 120

character expansion, 128
charge quantization, 85
charge-conjugation matrix, 174
Chern classes, 203
chiral
anomaly, 202–204, 227
gauge theory, 217–223
perturbation theory, 63, 195
symmetry, 193–228
symmetry breaking, 182, 212
transformation, 207

class function, 104
classical
action, 65, 95
continuum limit, 18
field theory, 6
ground state, 195
Hamilton equations, 4
QCD action, 200

Coleman’s theorem, 32
color index, 87, 171
commutation relations, 14, 29, 231, 242
complex Higgs doublet, 75
composite scalar fields, 5
confinement
mechanisms, 138–140
phase, 136–138

contact terms, 208
contour integration, 24–25
coordinate representation, 15
correlation function, 27, 30, 38, 61–62,

68, 173
correlation length, 38, 69, 140
Coulomb
phase, 136–138
potential, 119
self-mass, 139

coupling
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renormalized, 46, 70, 190
tuning, 74

covariant derivative, 85, 87
creation and annihilation operators,

13–14, 25–26, 29
critical
exponent, 38
fixed point, 69, 71
lines, 37
phenomena, 38
surface, 69–70

current algebra, 211

Dirac
action, naive discretization, 149–151
fermions, 161, 220
fields, 155
index, 87, 149, 171, 213, 256
matrices, 150, 162, 253, 254
operator eigenvalues, 214
particles, 151
spinor, 160

domain-wall fermions, 212
dressed
particle states, 26
propagator, 62

effective action, 68, 70, 190, 197
effective interaction, 2–3, 6, 62
electroweak gauge fields, 75
elementary scalar fields, 5
energy
density, 6–7
spectrum, 29
zero point, 141

equation of motion, 6, 33
Euclidean action, 32
Euclidean formalism, 16
evolution operator, 16
expectation values, 54

Faddeev–Popov
factor, 147
measure, 146

fermion, 2, 151, 180
free, 225
masses, 76
staggered, 149, 160–161, 169, 213–214

fermion action, 156
fermion doubling, 92, 155
fermion fields
integration over, 170–171

fermion Hamiltonian, 165
fermion propagator, 152
fermion–antifermion correlation

function, 176
fermionic coherent states, 242–252
Feynman diagrams, 39

Feynman gauge, 116
self-energy, 120

Feynman propagator, 27
field configurations
non-perturbative, 139

fine-structure constant, 1, 119, 190
finite renormalization constants, 208
finite-size effects, 146
fixed point
infrared stable, 51
ultraviolet stable, 51

flavor index, 87, 171, 213
flux lines
adjoint representation, 132
fundamental representation, 132

Fokker–Planck Hamiltonian, 82
formal continuum Hamiltonian, 106
formal continuum limit, 106
four-point function, 46
four-point vertex, 52
Fourier transform, 20–21
free scalar field, 22–25
action, 22

gamma matrices, 160
gauge coupling, 76, 78
compution from masses, 190

gauge fixing, 144, 146
gauge potential, 97
gauge theory
bare coupling, 123
dimensional transmutation, 124

gauge transformations, 97
gauge-field quantization
temporal gauge, 239

gauge-fixing action, 147
gauge-Higgs systems
lattice formulation, 78

gauge-invariant
action, 95, 145
correlation function, 173
measure, 98
observable, 145
staggered-fermion action, 160

Gauss-law condition, 102
Gaussian
fixed point, 70

Gell-Mann matrices, 86
generalized Ising model, 35
Ginsparg–Wilson
Dirac operator, 223
fermions, 223, 226
relation, 211

glueball, 2–3, 97, 115, 135–136, 140,
145, 180

mass, 114, 144
mass ratio, 140

gluon, 1–2, 120, 135
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Goldstone bosons, 32, 34, 58, 63, 77, 198
finite-size effects, 63
massless, 58

Goldstone’s theorem, 34
Grand Unified Theories, 85
Grassmann algebra, 244–245, 256
independent generators, 150

Grassmann representation, 162
Grassmann variables, 149, 242, 245
Gribov copies, 147
ground state, 6–7, 15, 31, 33, 114
group velocity, 7

Haar measure, 96, 169
hadrons, 1–3, 170, 178–180, 185, 190
Hamilton
function, 8
operator, 8, 11

Hamiltonian, 4, 20, 105, 156, 214
continuous time, 105–106
operator, 13

harmonic oscillator, 13
discretized, 14

Heisenberg
model, 35
operators, 30

Hermitian, 86
conjugate, 149, 244
Hamiltonian, 11, 102
matrix, 153
operator, 82, 99, 102, 242

Higgs
field, 75
mass, 76–77
particle, 77

Hilbert space, 8, 99–100, 243
fermion, 155

hopping
expansion, 51–55, 57, 62, 66–67,

171–173
matrix, 53
result, 80

Hurewicz measure, 96

index theorem, 217, 225–226
infrared divergencies, 58
intermediate-distance regime, 142
irreducible representations, 103

kinetic-energy operator, 102–105
Kogut–Susskind Hamiltonian, 106

Lagrange function, 6, 8, 10
discretized, 10

Lagrangian, 6, 239
lambda scale, 140
Landau pole, 49
Langevin algorithm, 60

Laplace–Beltrami operator, 236
lattice
artifact region, 167
derivatives, 90
finite-size effects, 61
formulation, 209
gauge field, 90–95, 105, 145
path integral, 95–97
regularization, 8–31, 34, 76, 167, 227
scaling violations, 61
symmetry, 73, 168

Levi-Civita tensor, 254
link variable, 134
integration, 131

Lorentz covariant expression, 25
Lüscher–Weisz solution, 55–60

magnetic monopoles, 139
magnetization observable, 63
Majorana fermions, 161
Maxwell theory, 107
mean-field approximation, 37–38, 54
Merwin–Wagner theorem, 32
mesons, 2, 175–177, 179–182, 185, 199,

201
propagators, 173–177

Metropolis algorithm, 60–61
Mexican hat potential, 33–34
microscopic spectral density, 216
minimal subtraction, 80, 191
Minkowski-space propagator, 27
Minkowski space–time, 149
Monte Carlo methods, 60–61
MS-bar scheme, 124, 213

Nambu–Goldstone bosons, 196–197,
199, 213

Neuberger’s Dirac operator, 217
no-go theorem, 221
Noether currents, 205
non-Abelian gauge theory, 90
quadratic divergencies, 169

O(4) model, 55, 59–60, 74–77
O(n) model, 32–82
occupation number, 29
one-loop diagram, 46
operator mixing, 208

parallel transport, 92, 94
paramagnetic strong coupling, 220
partition function, 13, 22–23, 35, 51,

97–98
canonical, 13

path integral, 8–31, 38, 67, 98–99, 102,
146, 149–151, 202, 204, 256

discretized, 10
expectation value, 39
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imaginary-time, 12
measure, invariant, 207

path-ordered product, 92
Pauli matrices, 75, 86, 253
perfect actions, 211
periodic boundary conditions, 13, 17
periodic delta function, 148
perturbation theory, 1, 3, 48
renormalized, 46, 56, 63

phase transition, 37–38
ϕ4 model, 6, 16, 33, 71–72
one-loop approximation, 79

photons, 1, 135, 139
self-energy, 166

pion–nucleon
mass ratio, 184
sigma model, 224

pions, 1, 5, 34, 224
low-energy action, 32

Planck mass, 76
plaquette, 102, 125–127, 131–133
correlator, 136
field, 97
hypercubic lattice, 94
spacelike, 106, 127
timelike, 127
tube, 132
Wilson loop, 108

Poincaré–Hopf theorem, 222
Polyakov line, 107, 111–112
polymers, 128
polynomials
contact terms, 74

Pontryagin index, 203
propagators, 52
pseudoscalar masses, 182, 199–202
pseudoscalar mesons, 180

QCD, 1, 2, 5, 26, 76–77, 83, 85, 90, 95,
138, 143, 159–160, 165, 173, 186,
188, 190, 193, 195, 197, 200, 202,
212, 217–218, 241

action, 85–90, 193, 226
confinement, 139
continuum limit, 160
lambda scales, 124
low-mass hadrons, 170–192
multicolor, 214
parameters, 188–189
scaling region, 178
theta parameter, 211, 226
weak-coupling expansion, 123

QED, 1, 83, 176, 217–220, 241
action, 83–85
electrons, 83
fermion propagation, 177
gauge invariance, 84

quantum chromodynamics, see QCD
quantum electrodynamics, see QED
quark, 1–2, 135, 160, 170, 180–182, 187,

193
quark–antiquark potential, 2, 190
quark–gluon theory, 224
quenched approximation, 209
quenched simulation, 187

random-walk approximation, 53–54
real-space renormalization-group

method, 67, 71
Regge slope, 193
Regge trajectories, 3
regularization
Pauli–Villars, 77
space, 77

renormalization-group
beta functions, 48–51, 121
Callan–Symanzik, 55
equation, 48, 123
transformation, 68

renormalized mass parameter, 46–47
representation

n-ality, 135
ρ mesons, 34
ρ resonance, 78
rotation invariance, 28
rotation method, 65
running coupling, 47, 49, 51

saddle-point
approximation, 65
expansion, 71

scalar field, 5, 15, 32, 75, 125, 174, 194,
224

propagator, 23, 28
scale factor, 68
scaling
arguments, 216
numerical results, 140–144

Schur’s lemma, 104
Schwinger’s Source Theory, 56
sea-quark
loops, 176, 180

semiclassical expansion, see
weak-coupling expansion

σ model, 34
action, 224

small-distance regime, 142–143
space–time, xi, 32, 67, 90, 156, 209, 257
domain, 6
index, 171
Minkowski, 257
symmetry, 16, 74
volume, 146, 151

spatial links, 106
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species doubling, 149, 151–156
spectral density, 215
spectral representation, 26, 31, 38
spin models generalized, 35
spinor fields, 253–257
spinor representation, 254
Standard Model, 32, 58, 76, 218–220
anomaly-free, 219
Higgs–Yukawa sector, 161
lattice formulation, 78
triviality, 74–78

stationary points, 33
stationary-phase approximation, 9
string tension, 1–3, 114, 131, 193
non-zero, 140

strong-coupling, 134
diagrams, 136
expansion, 125–129, 144, 178
hadron masses, 177–178
region, 132

SU(n), 229–238
action, 239
adjoint representation, 231–234
fundamental representation, 229–231
gauge theory, 90, 112, 115–148
left and right translations, 234–236
phase diagram, 138
tensor method, 236–238

sum over representations, 95
superconductor, 139

topological charge density, 203
topological susceptibility, 204, 212
trajectory
physical, 70
renormalized, 70

transfer operator, 10–11, 13, 18–20, 26,
29

transfer-matrix
elements, 163
formalism, 135

transformation of variables, 207
translation operator, 31, 102
tree-graph, 75
triangle diagram, 203, 207, 218
two-point correlation function, 53
two-point function, 52–53

U(1), 85
compact gauge theory, 98
gauge theory, 115–148
gauge-fixed model, 222
problem, 199–202

unitarity bound, 59
unitary matrix, 153
universality, 67, 71
classes, 67

vacuum, 26
bubbles, 41
expectation value, 75
polarization tensor, 119

valence-quark
lines, 176
propagators, 180–181

variational methods, 144
vector bosons, 75
vertex function, 41–42, 45–47, 52–53,

70, 73, 79, 165–166
vortex configurations, 139

Ward identity, 78, 167
constraints, 168

Ward–Takahashi identities, 166, 207,
209, 211–212

wave vector, 7, 20, 156
wave-function renormalization constant,

58, 62
weak coupling, 71, 139
expansion, 39–46, 56–58, 72, 79, 116,

135, 139, 144–147, 165
perturbation theory, 160
potential, 115–121

Weyl fermions, 161
Wick rotation, 27
inverse, 154

Wilson action, 95, 187
parameters, 188

Wilson fermions, 149, 170–171, 212,
214, 223

free, 225
method, 156–160, 165, 204, 227
propagator, 172
transfer operator, 161–165

Wilson line, see Polyakov line
Wilson loop, 107–108, 110–111,

115–116, 119–120, 129–133,
135–136, 138, 175, 241

confinement phase, 137
Coulomb phase, 137
plaquette, 108
rectangular, 137
spacelike, 135

Wilson’s hopping parameter, 159, 182
Wilson’s renormalization theory, 56
Wilson–Dirac Hamiltonian, 165
Wilson–Dirac operator, 214
Wilson–Yukawa framework, 220
Witten–Veneziano formula, 204, 209,

211

Yukawa couplings, 75–76, 78, 220

Z(n), 136
vortices, 140
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