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accessible information, 67
actuator, 232
adiabatic elimination, 365
amplifier, 354
gain, 359
HEMT, 363
noise added, 359
noise temperature, 360
phase insensitive, 360
phase non-preserving, 360
phase preserving, 360
phase sensitive, 360
Anderson localization, 188
Ando’s theorem, 75
Araki-Lieb inequality, 57, 86
atypical state, 164
autocorrelation function, 143
symmetrized, 144
average power, 107

Baker-Campbell-Hausdorff formula, 481
Bayes’ theorem, 6, 304
Bayesian inference, 4
BCH, 481
beam-splitter, 316
Bellman’s equation, 270
Bertrand’s problem, 13
bias charge, 340
Bloch sphere, 252, 451
Bloch vector, 252, 452
Boltzmann distribution, 169
generalized, 188
Boltzmann state, see Boltzmann distribution
Boltzmann’s constant, 168
Borel’s law, 49
bounded phase space, 218
Brownian motion, 190

canonical commutation relation, 453
canonical phase operator, 453
capacitance, parasitic, 328
capacitative coupling, 347

carbon nano-tube, 346

cascade connection, 244

Index

Cauchy-Schwartz inequality, 305
cavity

Fabry—Perot, 351

membrane-in-the-middle, 352

optical, 351, 453

photonic, 353

ring, 316

superconducting microwave cavities,
335

three-dimensional, 335

cavity length, 127
center-of-mass, 215, 323
certainty equivalence, 290
channel

capacity, 55
communication, 54

chaos, 215
circuit

element, 324

equations of motion, 324
Hamiltonian, 325
Lagrangian, 325, 327, 329
link, 324

loop, 324

momenta, 328

node, 324
superconducting, 376
symbols, 331

terminal, 324

circuit QED, 376

circuit quantum electrodynamics, 376
circulator, 128, 244

coding theorem

noiseless, 50
noisy, 54

coherent state, 454
collapse, 104

Collett and Gardiner, 141
completely mixed, 17
continuous measurement
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classical, 90
counting, 126
Gaussian quantum, 96
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on ensembles, 123
spectrum, 148
control
bang-bang, 235
closed-loop, see control, feedback, 387
feedback, 232
coherent, 236, 238, 242, 243, 247, 408, 415
via continuous measurements, 239, 250
field-mediated, 243
Hamiltonian, 254
LQG, 267
Markovian, 241, 247
measurement-based, 235, 238
via one-way fields, 243, 412
via unitary interactions, 242
LQG, 398
minimum-time, 274
open-loop, 236, 383, 387
optimal, 234, 386
parameters, 240
protocol, 232
discontinuous, 276
robust, 290
time-dependent, 387
via measurement back-action, 256
control function, 268
control strategy, see control protocol
controller, see feedback controller
ideal, 419
cooling, 416
measurement-based, 397
resolved-sideband, 408, 412, 415
Cooper-pair, 337
Cooper-pair box, 331, 340
coplanar wave-guide, 335
correlation function, 108
cost-to-go, 268
covariance matrix, 146
CPB, 340
Cramer—Rao bound, 304
quantum, 306
current source, 329

damping, 261
rate, 199
strong, 211
symmetric, classical, see weak, classical
symmetric, quantum, see weak, quantum
weak, classical, 189
weak, quantum, 191
dark counts, 355
dead time, 355
decay, 261
density matrix, 16, 17
density operator, see density matrix
diffusion gradient, 118
discontinuous control strategies, 276
displacement operator, 455
disturbance
to conjugate observables, 72

Index

to encoded information, 76
entropy of, 74
to quantum information, 77
double-slit, 18
doubly stochastic, 60
driving
a cavity, 128
electrical, 349
linear, 349
mechanical, 349
Duffing oscillator, 221
dynamic optimality equation, 270
dynamic programming equation, 270

Ehrenfest’s theorem, 215
eigenstate thermalization hypothesis, 186
electrode, 347
electromechanical system, 346
electron condensate, 375
ensemble, 20, 40
entropy
information-theoretic, 50
Shannon, 50
thermodynamic, 160, 163
von Neumann, 55, 233
entropy reduction, 64
environment, 160
estimate, 233
estimator, 304
ETH, 186

Faraday rotator, 128
Faraday’s law, 324, 330
feedback, 34
feedback control, 232
feedback controller, 232
feedback gain, 286
feedback Hamiltonian, 242, 253
feedback loop, 237
fidelity
of quantum operations, 82
of quantum states, 81
filter, 105
Kalman—Bucy, 105
Fisher information, 304
quantum, 306
flux, 324
flux quantum, 330
Fokker—Planck equation, 118, 257
force detection, 314
Fourier transform, 107, 147
free energy, 175
frequency conversion, 333

gain, of amplifier, 359
gate, 347

Gaussian, 10

Gaussian state, 145
Gaussian, multivariate, 476
Gorkov, 375
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governor, 232
Groenewold’s information, 64

Haar measure, 13, 164, 183, 484

Hall’s bound, 70

Hamilton—Jacobi equation, 272

Hamilton—Jacobi—Bellman equation, 266,
272

heat, 168, 175, 176

Heisenberg limit, 308, 309

Heisenberg picture, 106, 137, 145, 155, 213

Helmbholtz free energy, 175

HEMT, 363

Hilbert space, 17

HIJB equation, 266, 272

HME, 150

Holevo’s bound, 69

homodyne detection, 314

Horn’s lemma, 59

Hudson’s theorem, 218

hypothesis testing, 123

impurity, 61, 252
inefficient measurement, 101
input field, 140, 463
input mode, 316
input operator, 140
input—output
autocorrelation function, 468
commutation relations, 140, 466
connection to measurement, 143, 470
formalism, 137
non-zero temperature, 142
relation, 140, 463
sign conventions, 467
signals, 462
theory, 458
integrable systems, 188
invariance, 12
irreducible loop, 324
irreversibility
logical, 166
physical, 166
isolator, see circulator
Ito calculus, 93, 448, 468
Ito equation, 467, 468, 495
Ito’s rule, 450

1], 336

Jonson—Nyquist noise, 360

Josephson junction, 331, 336
Hamiltonian, 338

jump process, see Poisson process

Kac, 186

Kalman—Bucy filter, 105

Kirchhoff’s laws, 325
Kushner-Stratonovich equation, 95, 485
Ky Fan’s principle, 89

Index

Levy process, 137
Landau—Ginzburg theory, 375
Landauer’s erasure principle, 171
Lanford—Robinson bound, 67
Langevin equations, 139

strong damping, 213
LC-oscillator/resonator, 334
likelihood function, 5
Lindblad form, 200
linear coupling, 348, 349
linear systems, 145
linear trajectories, see stochastic Schrodinger

equation, linear

Lorentzian, 112
LQG, 267, 287
lumped element, 334
Lyapunov exponent, 217

Maassen—Uffink relation, 74
macro-state, 161
majorization, 58
majorize, 58
marginal probability, 5
Markovian, 188
non-Markovian, 188
Markovian master equation, 138
master equation
Brownian motion
approximate, 213
exact, 212
Caldeira—Leggett, 211
hybrid, 150
Lindblad, 200
Markovian, 138
Markovian Redfield, see Redfield
quantum optical, 199
Redfield, 189, 469
degenerate, 198
Markovian, 196
non-degenerate, 198
time-dependent, 201
thermal, see Redfield
for weakly damped oscillator, 199
Maxwell’s demon, 177
measurement
adaptive, 309
bare, 36, 182
continuous, 354, 446
correlation function, 471
dictionary of, 456
efficiency, 100, 368
finite-strength, 29
fundamental theorem, 24
incomplete, 29
inefficient, 39, 96, 101, 358
multiple observers, 102
nonlinear, 370
of observable, 30
of oscillator, 110
oscillator-mediated, 362
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measurement (cont.)

physical implementation, 361

of position, 31, 110, 148, 357

problem, 222

QND, 455

quantum-limited, 359

record, 94, 446

semiclassical, 29

signal, 94

simultaneous, 141

spectrum, 470

symmetric, informationally complete, 311

von Neumann, 15

weak, 29
measurement postulate, 15
membrane-in-the-middle, 352
metrology, 303

of gravitational waves, 311

Heisenberg limit, 308

quantum, 308

resources for, 307

of signals, 311

standard quantum limit, 308, 311
MF, 238
microstate, 161
Monte Carlo, see wavefunction Monte Carlo
mutual information

classical, 54

quantum, 86

nano-electromechanical, see system,
electromechanical
nano-mechanical resonator, see oscillator, mechanical
noise, 356
added by amplifier, 359, 361
back-action, 355, 356
dephasing, 261
depolarizing, 261
imprecision, 96, 357
measurement, 96, 357
photon, unit of, 358
projection, 356
quantum, 468
shot, 96, 357
Stratonovich, 120, 468, 495
thermal, 261
weak, 421
white, 93, 108, 468
noise power, 355, 356
noise temperature, 360
non-Markovian systems, 213
number state, 453
numerical optimization, 279, 386

observable, 30

OPA, 316

open system, 137, 160
operator norm, 384
operator reordering, 479
optical cavity, 127

Index

optical parametric amplifier, 316
optimal control
for linear systems, 282
for nonlinear systems, 290
LEG control, 286, 289
LQG control, 286
optimization, numerical, 279, 386
optomechanics, 376
optomechanical
coupling, 352, 353
system, 351, 352
orthogonal polynomials, 214
oscillator
classical damped, 189
mechanical, 346, 376
negative-mass, 313
strongly damped, 213
superconducting, 334, 335
weakly damped, 357, 467
output channel, 128, 200
output field, 140, 463
output mode, 316
output operator, 140
Ozawa’s theorem, 64

parameter estimation, 150
parametric amplification, 349
parametric coupling, 348
parametric driving, 349
partial inner product, 25
partial order, 59
partial trace, 437
Pauli matrices, 451
Pegg—Barnett phase operator, 307, 453
perturbation theory, time-independent, 372,
478

phase operator, 453
phase space, 218

distribution, 218
photo-detector, 121
photon-counter,

see photon-detector

photon-detector, 355
photonic

cavity, 353

crystal, 353

wave-guide, 353
piezoelectric, 347
Poisson bracket, 216
Poisson process, 125, 423
polar decomposition, 34
Pontryagin’s principle, 267
pooling knowledge, 9
positive operator, 27
post-selecton, 47
posterior probability, 6
POVM, 27
power spectrum, 107, 146, 355
principle of optimality, 269
prior probability, 6
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probability

conditional, 5

joint, 5

posterior, 6

prior, 6
probability density, 4
probability distribution, 4
probe, 22
probe system, 23
process, 166
protocol, see control, protocol
pure state, 17
purity, 61

Q. 190
QCT, 215
QMEF, 313
QND, 455
quadrature operators, 454
quality factor, 190, 351
quantum field, 139
quantum jumps, 119, 121
quantum limit

standard, 308, 317, 358-360

to amplification, 360
quantum noise, 137
quantum trajectory, 189
quantum-interference device, 331, 344
quantum-mechanics-free subsystems, 312
quantum-state tomography, 311
quantum-to-classical transition, 215
qubit, 251, 260, 394, 451

charge, 340

definition of, 77

flux, 346

superconducting, 336

random function, 107
random signal, 107
rapid purification, 250
Redfield equation, see master equation, Redfield
regime of good control, 291, 418
relaxation, see thermalization
representation

operator-sum, 26, 492

unitary, 494
resolving power, 30
ring cavity, 316
rotating-wave approximation, 332, 476
RWA, 332, 476

Schur-concave, 59

SDE, 449

separation principle, 290

SIC, 311

simultaneous measurements, 102
SME, 98

Solovay—Kitaev theorem, 384

SQL, 317, 358

squeezing via feedback control, 404

Index

SQUID, 331, 344
SSE, 98
stable process, 137

543

standard quantum limit, 308, 317, 358, 360

state
coherent, 219, 454
engineering, 394
entangled, 392
Fock, 453
Gaussian, 475
mixed, 17
number, 453
pure, 17
Schrodinger cat, 391
squeezed, 405
target, 233
state-estimate, 290
state-of-knowledge, 4
quantum, 16
state-preparation, 389, 421
state-swapping, 387, 391, 408
Stirling’s approximation, 49
stochastic differential equation, 449
stochastic master equation, 98
linear, 113
nonlinear, 98
stochastic Schrodinger equation, 98
for homodyne detection, 135
linear, 113, 422
for photon counting, 129
nonlinear, 98
Stratonovich equation, 467, 468, 495
Stratonovich noise, 120, 468
stripline resonator, 335
strong feedback, 291
subderivative, 277
superconducting circuits, 323
superconducting nanowire, 355
supercurrent wavefunction, 336
superderivative, 277
superjet, 278
superposition, 18
mesoscopic, 390
SWW bound, 69
SWW theorem, 490
system
auxiliary, 232, 243, 422
electromechanical, 323, 346, 376
non-Markovian, 213
optomechanical, 352, 376
primary, 232, 245
probe, 22
quantum-mechanics-free, 312
target, 22

target, 22

target state, 233
tensor product, 432
thermal bath, 138, 160
thermal contact, 168
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thermal environment, 138
thermalization, 182
thermodynamic entropy, 162, 163
time-independent perturbation theory, 302
TIPT, 372
trace distance, 79
transducer, quantum, 370
transition, degenerate, 199
transition, off-resonant, 477
transitive group, 12
transmission line, 334
transmission-line resonator, 335
transmon, 342
two-envelopes problem, 13
typical

element, 51

sequences, 49

set, 167

state, 167, 177, 185
typicality, 182

canonical, 183

Hamiltonian, 185

uncertainty, 51
unistochastic, 60
unitary-stochastic, 60
unraveling, 136

Index

verification theorem, 273
viscosity solution, 278

voltage source, 329

von Neumann entropy, 55, 233

wavefunction, 19
wavefunction Monte Carlo, 161, 189, 205
Gaussian noise, 205
for measured systems, 208
Poisson noise, 206
white noise, 93, 108
wide-sense stationary, 108
Widom, 375
Wiener noise, 93
Wiener—Kinchin theorem, 108
Wigner function, 218
Wigner—Dyson distribution, 187
Wiseman—Milburn Markovian feedback, 241, 494
Wiseman—Ralph protocol, 301
work, 175, 176

Zakai equation, 117
Zassenhaus formula, 481
Zeno-effect

anti-, 46

quantum, 45
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