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a posteriori error estimate, 112
action functional, 406
Adams–Moulton methods, 372
adaptive

algorithms, 449
finite difference methods, 111
finite element methods, 111
finite volume methods, 111
mesh refinement, 13, 21, 110
model refinement, 305
numerical quadrature, 110

adiabatic approximation, 184
alanie dipeptide, 398
Allen–Cahn equation, 32
alternating Schwarz iteration, 305
analysis-based fast algorithm, 100
Anderson thermostat, 158
Arlequin method, 300
asymptotic techniques, 12
atomistic–continuum models

coupled, 216
averaged system, 39
averaging, 13
averaging principle, 369
averaging theorem, 40, 46

backward differentiation, 372
backward Euler scheme, 371
backward Kolmogorov equation, 43, 410
band projection, 348
Barenblatt equation, 66
barrier-crossing events, 398
basin of attraction, 402
BBGKY hierarchy, 168
BGK model, 181
BKL algorithm, 379
black-body radiation, 5
Boltzmann equation, 170, 172, 450
Boltzmann inversion, 386

Boltzmann’s H-theorem, 174
boosting, 263
Born–Oppenheimer approximation, 184
Born–Oppenheimer dynamics, 236, 255
bottom-up strategy, 260, 262

difficulty with, 286
versus top-down, 288

boundary layer analysis, 19
Bravais lattice, 159, 289
Brillouin zone, first, 197
bulk viscosity, 149
Burgers equation, 30

viscous, 247
Burnett equation, 181

canonical ensemble, 156, 404, 434
capacitance function, see committor

function
Car–Parrinello molecular dynamics

(CPMD), 201, 227, 233, 235, 237,
257

carbon nanotube, 213
Cauchy–Born elasticity model, 163,

289
Cauchy–Born rule, 161, 210, 238, 307

exponential, 211–214, 216
fiber bundle, 289
high-order, 211
local, 211, 212, 215

Cauchy stress tensor, 137
cell problem, 57
chain-of-states approach, 427
Chapman–Enskog expansion, 179
Clausius–Duhem inequality, 145, 147
coarse projective integrator, 245
coarse-grained molecular dynamics

(CGMD), 386
Rudd–Broughton, 387

coarse-grained Monte Carlo methods, 393

461

http://www.cambridge.org/9781107096547
http://www.cambridge.org
http://www.cambridge.org


www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-09654-7 - Principles of Multiscale Modeling
Weinan E
Index
More information

462 Subject index

committor function, 418, 433
backward, 418
forward, 418

complex lattice, 160
composite material, 356
condition number, 91, 121, 454
conjugate gradient method, 116
conservation

of energy, 147
of mass, 147
of momentum, 147

constitutive relation, 7, 135
contact angle, static, 218
contact line, 202, 220

moving, 216, 223, 227, 314
continuum models

deterministic, 328
stochastic, 328

convective time scale, 34
correlation energy, 189
correlation length, 72
Couette flow geometry, 224
coupled quantum mechanics and molecular

mechanics method (QM–MM), 296
coupling

concurrent, 16
sequential, 15
serial, 15

coupling error, 322
crack dynamics, 314
crack propagation, 18, 300
critical exponent, 72

Darcy’s law, 15, 64
data estimator, 252
Deborah number, 209
deformation gradient tensor, 136
deformed configuration, 136
density approximation (LDA), 190
density functional theory, 187
detailed balance condition, 156, 174
diffusive time scale, 34
dimensional analysis, 65
dimer method, 426
Dirichlet basis, 452
Dirichlet kernel, 452
Dirichlet-to-Neumann operator (DtN),

117
dividing surface, 421
domain decomposition, 13, 115

coupling, 297
Dyson’s formula, 86

effective Hamiltonian, 61
effective permeability tensor, 15
eikonal equation, 37
elastic band method

continuous curve, 432

nudged, 427, 429
plain, 428

elastic constants, 139
elastic energy density, 138
elliptic equations, 334
ellipticity condition, 56
embedded atom model (EAM), 154
energetic barriers, 398
energy landscape, 398

rough, 399, 415
smooth, 399, 425

ensemble, 417
entropic barrier, 398, 415, 423, 424
entropy condition, 62
equation-free approach, 234, 245

difficulties, 261
error analysis, 284

equilibrium approximation, 179
equilibrium current, 418
error

control, 278
estimates, 356

Euler–Maruyama scheme, 379
Eulerian coordinates, 133
Eulerian-to-Lagrangian map, 134
Euler’s gas dynamics equation, 261
exchange energy, 190
exchange term, 187
exchange-correlation energy, 190
expansion, 108
expectation–maximization algorithm (EM),

436
extended Lagrangian method, 392

fast Fourier transform (FFT), 100
fast multipole method (FMM), 13, 20, 100,

257
fast summation methods, 99
Feigenbaum universality, 87
fiber bundle formulation of multiscale

problems, 288
finite element method

generalized, 335
finitely extensible nonlinear elastic (FENE)

spring, 206
Finnis–Sinclair potential, 154
Fokker–Planck equation, 206

gap-tooth scheme, 246
Gauss–Seidel iteration, 94
Gauss transform, 101
Gay–Berne potential, 155
generalized gradient approximation (GGA),

191
generalized Langevin equation (GLE),

458
geometric optics, 3
geometrically consistent scheme, 324
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ghost force, 310, 322
removal, 323

Gibbs–Thomson condition, 224
Gillespie algorithm, 48, 379
Ginzburg–Landau model, 18
Ginzburg–Landau theory, 201
gradient system, 398
graphene, 213
graphene sheet, 160
Green–Kubo formulas, 167

Haar wavelet, 124
Hall–Petch effect, 6

reverse, 6
Hamilton–Jacobi equation, 37
Hamiltonian dynamics, noise-free, 400
Hartree approximation, 185
Hartree energy, 190, 191
Hartree–Fock approximation, 186
Hartree–Fock model, 182
heat conductivity, 6, 149
heat flux, 143
Hellman–Feynman theorem, 236
Helmholtz free energy, 145

per unit mass, 148
Hermite function

nth-order, 101
heterogeneous multiscale method (HMM),

15, 234, 248, 336, 350
difficulties with, 261
error analysis, 279
modeling defects, 312
stochastic simulation, 379
seamless algorithm, 274

hierarchy of multi-physics models, 10
Hohenberg–Kohn theorem, 188
homogenization, 13, 20
Hookean spring, 206
Horner algorithm, 109
Huh–Scriven singularity, 219, 224,

228
hybrid orbital, 299
hydrodynamic limit, 198
hyperdynamics, 438

implicit methods
multiple time scales, 371

inertial regime, 65
inner region, 12, 26
interaction list, 106
interpolation operator, 96
Irving–Kirkwood formula, 165, 251, 270
Ising model, 70

one-dimensional, 74
Onsager solution, 80
two-dimensional, 70, 76

isocommittor surface, 418, 433
isokinetic energy trick, 157

Jacobi iteration, 94

kinetic equation, 170
kinetic

model, coupled gas dynamic,
310

Monte Carlo scheme, 403,
443

schemes, 233, 239
theory, 167

Knudsen number, 6, 178
Kohn–Sham density functional theory, 132,

182, 235
Kohn–Sham functional

exchange–correlation energy,
191

pseudo-potential, 192
Kohn–Sham orbitals, 233
Kohn–Sham wave functions, 237

Lagrangian coordinates, 133
Lagrangian-to-Eulerian map, 134
Lamé constants, 3, 140
Langevin dynamics, 401
Langevin equation, 158

generalized (GLE), 82, 84–86,
458

Laplace–Young interfacial condition,
218

large deviations, 405
lattice Boltzmann methods, 239
lattice Boltzmann model, 19
Lax–Friedrichs scheme, 253
Lees–Edwards boundary condition,

273
Lennard-Jones fluid, 275
Lennard-Jones potential, 153

fluids, 155
modified for immiscible fluid, 224

Levy–Lieb constrained variational problem,
188

Lindhard function, 193
link atom, 299
Liouville operator, 85
Liouville’s equation, 156, 163
lithium atoms, chain of, 197
localization assumption, 422
localized subspace iteration (LSI),

454
low-rank kernel, 101

macromolecules, 386
Mallat’s algorithm, 126
matched asymptotics, 12, 26
material derivative, 147
Maxwell–Boltzmann distribution, 158,

176
mean exit time, 409
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mechanical deformation, 3
memory

effects, 448
kernel, 83
models, 456
term, 83

mesoscale models, 18
metadynamics, 386, 440
metastability, 397

Markov process, 402
metastable set, 402
metastable states, 402
microcanonical ensemble, 156, 434
microscale problem

Dirichlet formulation, 353
Neumann formulation, 354
periodic formulation, 353

microscopically informed modeling, 15
microstructure

periodic, 4
random, 4

minimum energy path (MEP), 407,
427

model reduction, 362
variational, 450

molecular crystals, 154
molecular dynamics, 12, 83, 150
moments, 101

of a multi-pole expansion, 104
monitor function, 113
Mooney–Rivlin models, 141
Mori–Zwanzig formalism, 82, 288, 386, 389,

448, 450
Mori–Zwanzig procedure, 455
Morse function, 401
moving mesh method, 113, 114
MsFEM, 343

relation to RFB, 344
relation to VMS, 345

Mueller potential, 408
multi-fractal statistics, 66
multigrid method, 13, 20, 90

difficulties, 260
extended, 234, 243

multi-physics modeling hierarchy, 10, 11
multi-physics problem, 1
multipole expansion, 104, 105
multi-resolution analysis (MRA), 122
multiscale

algorithms, classical, 13
basis functions, 342
expansion, 13, 38, 54
modeling, 10
type A, 14
type B, 14

Nóse–Hoover thermostat, 158
Navier slip boundary condition, 223
Navier–Stokes equation, 4

compressible, 149
nearest neighbor boxes, 104
neo-Hookean models, 141
nested stochastic simulation algorithm, 381
Newtonian fluid, constitutive relation, 8
noise effects, 449
non-gradient systems, 442
nonlinear elasticity, 305
nonlocal quasicontinuum method, 306
nudged elastic band method, 429
numerical stability domain decomposition,

315
NVE ensemble, 156
NVT ensemble, 156

on-site energy, 195
one-sided differencing, 432
Onsager’s reciprocity relation, 150
operator

interpolation, 96
projection, 96
prolongation, 96
restriction, 96

operator compression, 451
optimal

exit path, 408
prediction, 450
switching path, 409

optimization algorithms for MEP, 428
orbital-free density functional theory, 182
Ornstein–Uhlenbeck process, 42
outer region, 26
outer solution, 26
overdamped dynamics, 401, 409, 410, 415
overdamped white noise, 401

parameter passing, 16
parareal algorithm, 393
partial wetting, 218

Young’s relation, 218
partition function, 156
patch dynamics, 248, 262

revised version, 286
percolation, bond, 360
periodic microstructure, 4
phase-field model, 19
phonons, 18
Piola–Kirkhoff stress tensor, 137
Planck’s formula, 5
Poincaré–Lighthill–Kuo (PLK) method, 55
polymer

Brownian dynamics model, 204
coarse-grained model, 203
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generalized Newtonian model, 203
Johnson–Segalman model, 203
Maxwell model, 203
Oldroyd model, 203
Oldroyd-B model, 203

polymer fluids, 276
Maxwell model, 448
models of, 202

polymeric stress, dumbbell model, Kramers’
expression for, 208

porous medium, 63
flow, 15
modeling of subsurface, 350
multiphase flow, 357

Prandtl’s boundary layer equation, 29
precomputing, 15, 262
principal curvature, 214
principal curve, 423
projection operator, 96
projective integrator

coarse, 245
prolongation operator, 96
pseudo-bond, 300
pseudo-potential, 192

quantum many-body theory, 9
quantum mechanics–molecular mechanics

(QM–MM)
error, 449
modeling, 12

quantum tunneling, 442
quasicontinuum (QC) method, 233

Knap–Ortiz, 233
local, 237
nonlocal, 306, 322

quasi-equilibrium state, 369
quasi-nonlocal atoms, 324

random microstructure, 4
rare events, 397
rate of strain, 137
Rayleigh’s formula, 5
reaction coordinates, 424
reactive path A–B, 417
reactive trajectory, 417
redundancy, 129
reference configuration, 136
refinable functions, 123
refinement mask, 123
relaxation methods, 94
renormalization transformation, 73
renormalization group, 13, 20, 70, 448

flow, 74
rep-atom, 306
representative averaging volume (RAV), 15,

336

residual-free bubble method (RFB), 336,
339

relation to MsFEM, 344
relation to VMS, 344

restriction operator, 96
Reynolds number, 4
Richardson scheme, 286
Rudd–Broughton CGMD, 387
Runge–Kutta methods

stabilized, 373

sampling (TPS), 433
savings factor, 266
scale dependence, 5
scale separation, 449
scaling, 13, 20
scaling functions, 123
scattering angle, 171
scattering cross section, 171
Schrödinger equation, 36
Schur complement, 116
Schwarz iteration, 118
seamless algorithm

error analysis, 282
seamless coupling, 262
seamless strategy, 314
second law of thermodynamics, 145,

147
secular term, 55
self-similarity, 65

local, 359
statistical, 359, 449

sequential multiscale modeling,
232

shear viscosity, 149
sheet-like structures, 213
shock, 30
simple lattice, 159
singular perturbation problem, 5
Slater determinant, 186
slip condition, 219
slip region, 220
Smoluchowski equation, 206
smoothing, 95
Sobolev space, 126
solid

covalent bonding, 154
hydrogen bonding, 154
ionic bonding, 154
metallic bonding, 154
molecular bonding, 154
with defects, 301

Soret effect, 150
sparsity, 127
spectral radius, 93
stability polynomial, 373
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stability region, 371
stabilized Runge–Kutta methods, 373
state base manifold, 290
state change vector, 46
statistical self-similarity, 359, 449
Stillinger–Weber potential, 154
stochastic simulation algorithm (SSA), 48,

379
stoichiometric vector, 46
Stokes equation, 63
stored energy density, 138
strain tensor, 136, 137
Strang–Fix (SF) condition, 126
stress, 134
stress tensor, 8
string method, 427, 429

alternative formulation, 432
collective variables, 437
finite temperature, 436
growing, 437
quadratic, 437
with metadynamics, 437

sublinear scaling algorithms, 13, 350
subspace iteration method, 454
successive overrelaxation method, 94

t-model, 457
Teller theorem, 193
temperature-accelerated molecular

dynamics (TAMD), 386, 441
Tersoff potential, 154, 216
theory (TPT), 416
thermal conductivity, 146
thermodiffusion, 150
Thomas–Fermi theory, 182, 192
Thomas–Fermi–von Weizsäcker (TFW)

theory, 132, 193
tight frames, 128
tight-binding model, 182, 193

orthogonal, 195
top-down strategy, 259, 269

vs. bottom-up, 288
transition coefficient, 405
transition path, 417
transition rate, 404, 418

variational formulation, 421
transition state, 403
transition state ensemble

energy barrier, 424
entropic barrier, 424

transition state theory (TST), 403

transition tube, 407, 422
tree code, 104
truncation error, 322, 324
turbulence, 29
turning point problem, 35
two-grid algorithm, 96
type A problem, 14, 15, 296, 297, 314
type B problem, 14, 15, 232, 278

upscaling, 336, 345
one-step, 346
successive steps, 346

V -cycle, 98
van der Waals interaction, 153
variable

fast, 38
slow, 38

variational
model reduction, 450
multiscale method (VMS), 336,

340
relation to MsFEM, 345
relation to RFB, 344

velocity rescaling, 157
Verlet scheme, 236
virtual fast dynamics, 369
virtual fast process, 49
virus infection model, 383
viscosity solution, 61, 62
Voigt notation, 140
Voronoi cells, 437

W -cycle, 98
Wang–Teter functional, 193
wave packet, 2
wavelet

function, 123
mask, 123
representation, 20

well-separated boxes, 105
Wentzell–Freidlin theory, 405
wetting, partial, 218
WKB method, 19, 35

yield strength, 6
Young’s relation, 218
Young’s stress

balanced, 221
uncompensated, 221

Yserentant algorithm, 126
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