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50 : 50 beam splitter 65

vNOTgate 60

2-qubit gate 242

addition theorem

for probabilities 18
additivity 169
additivity axiom 16
Alice 116
alternative theories 42, 43, 188, 191
amplitude amplification 225
amplitude damping channel 283
ancilla 248
ancilla system 261, 310
angular-momentum operators 51
antilinear 2
Araki-Lieb inequality 171
arithmetic, modular 221

B92 protocol 200
basic domain 41
basis 117
magic 214
orthonormal 3
Bayes’ assumption 19, 269
Bayes’ theorem 18, 76,269
BB84 protocol 201
BBM92 protocol 203
beam splitter, lossless 64
Bell basis 174
Bell diagonal state 217
Bell inequality 189, 190, 203
Bell measurement 180, 207

Bell state 118, 158, 179, 184, 204, 205, 207

Bell’s theorem 202
Bell-CHSH observable 192
bi-orthogonal decomposition 260

bi-orthogonal expansion 149
bilateral 209
binary coding 92
binary digits 93
binary string 93
bipartite system 115
bit by bit measurements 220
bit flip 52
bit flip error 239
bit sequence 93
bits 92, 93
black box 225
blend 26, 31, 75, 302
Bloch
point 53
sphere 53, 281, 291
vector 53, 85
block coding 95
Bob 116
Bohm theory 196
Boolean function see function, Boolean
bra space 2
bra vector 2, 117
branch 304

cascade 157
cavity QED 241
CC see classical communication
CCNOT gate 137
character string 90
choice, delayed 166
CHSH inequality 190, 203
circuit 66

quantum 66
classical communication 144
classical mixture 25
classical physics 293

Entangled Systems: New Directions in Quantum Physics. Jirgen Audretsch
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-40684-5



332

classical state 295
classically correlated 173
classically correlated quantum state 144
CNOT gate 136, 239
CNOT transformation 179
code, quantum error-correcting 239
coding, binary 92
collapse and revival 301
collapse theory 306
collapse, of the wavefunction 35
communication, classical 144
complement, orthogonal 3
complete positivity 274
complete quantum operation 310
complete system of commuting observables
10
completeness relation 5§
component 3
mathematical 41
composite quantum system 120
compound system see composite system
computational basis 49
computational complexity 244
concurrence 212
conditional entropy 99
conditional probability 17
conjugate linear 308
consciousness 305
conservation of the norm 11
consistent histories 306
continuous-variable entanglement 46
control pair 210
control qubit 136
controlled NOT gate see CNOT gate
controlled-controlled NOT 137
convex sum 79
Copenhagen interpretation 44
copy 201
correlation 99, 100
degree of 170
correlation at a distance 187
correlation coefficient 185
correspondence rules 41
hypothetical 42
correspondence, dual 2
cryptogram 199

data compression 96
de Broglie-Bohm theory see Bohm theory

Subject Index

decoherence 80, 239, 244, 290-292
environment-induced 293, 295, 297
decomposition
bi-orthogonal 9, 149, 260
dyadic 5
of the identity operator 5
left-polar 259
orthogonal 7
polar 149
right-polar 260
spectral 7
tri-orthogonal 300
decomposition of the identity see dyadic de-
composition of the identity opera-
tor
decomposition operator 249, 275
degeneracy 36
degenerate 7
degree of degeneracy 32
degree of mixtureness 79, 85
delayed choice 46, 165, 166
delayed entanglement 209
density matrix 73
density operator 73,75, 79
maximally mixed 79
reduced 82, 122, 122
depolarisation 282
determination of states 85
Deutsch gate 138
Deutsch problem 225
Deutsch-Jozsa problem 225
developed domain of reality 42
deviation, mean square 19
dimension, of Hilbert space 35
Dirac notation 2
dispersion 19
distillation protocol 209
divisor, greatest common 231
domain of reality 41
dual correspondence 2
dyad §
dyadic decomposition 5
dynamics
unitary 33, 55, 56, 80, 108, 131, 247,
256

eavesdropping 201
effect operator 260, see POVM element
eigenbasis 7, 105
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eigenvalue 3
eigenvector 3
Einstein

locality 135, 188

reality 135, 188
either-or states 25
elements of physical reality 188
emergent property 294
ensemble 75
ensemble decomposition 83, 110
entangled 117, 224, 248
entangled quantum state 145
entanglement 116, 143, 152, 171, 253
entanglement distillation 209
entanglement of formation 214
entanglement swapping 207
entanglement witness 193
entropy

classical 91

conditional 99

of entanglement 153

operational interpretation of 96

relative 97

Shannon’s 89

theoretical relative 109

von Neumann 89
environment-induced decoherence 295
EPR 145
EPR correlations 145, 185
error 96
error correction protocol 201
estimating a state 269
Euclidian algorithm 243
Eve 201
events

exclusive 16

independent 17

random 15
Everett interpretation 303
exchange coupling 141
expectation value 6
experimentum crucis 191
extended operator 118

factor space 117

fidelity 96, 210
forerunner theories 41
form, non-normalised 74
free system 31

frequency, relative 16
fringe contrast 68
function, Boolean 221

general assumption 23

general measurement 256

general non-selective measurement 257
general selective measurement 279

generalised selective measurement 251, 257

GHZ state 194
Gleason’s theorem 82, 86

greatest common divisor see divisor, greatest

common
Grover algorithm 225

Hadamard
beam splitters 66
gate 60, 226
transformation 179
Hamiltonian 34
Hermitian operators 9
Hilbert space, finite-dimensional 1

idempotent 12

identical particles see particles, identical

identity operator 3
ignorance interpretation 84, 302
implementation of the Hadamard gate

optical 65
improper mixture 123
in-out approach 132,273
incoherent superposition 80
incomplete 188
index state 307
indistinguishability 116
individual identity 116
inequality

Gibbs’ 97

Schwarz 2

triangle 171
inequality, Bell 189
inference 18
information content 96
information transmission

assisted by entanglement 205
information, mutual 98, 170, 174
informationally complete 268

informationally complete measurement 265

inner product 2
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integer 221

interference 67

interference pattern 24, 67, 81

interpretation 41
London-Bauer 305

intervention 256, 273

intrinsic properties 35

inverse operator 3

ion trap 241

joint entropy 169
joint probability 15, 98

ket space 2

ket vector 2

key 199, 200

kick back 224

Klein’s inequality 109
Kraus operator 249, 275, 290

law of large numbers 94
left-polar decomposition 259
Lindblad master equation 278
Lindblad operator 278
Lindblad superoperator 278
Lindbladian 278
linear operator 3
Liouville

space 13
Liouville operator 15, 74, 131
Liouvillian 15
LO see local operation
local 115, 187, 188
local measurement 122, 125
local observable 122
local operation 115, 144
LOCC 144
loophole 196
lossless beamsplitter 64

Mach-Zehnder interferometer 66, 161
magic basis 214
manner of speaking 30
many-worlds interpretation 45, 303
mapping principles 41
marker

observable 164

state 163, 307

system 163

Subject Index

marking 290
Markovian approximation 279
master equation 277
matrix elements 5
maximally entangled state 153
mean square deviation 19
mean value 6, 10, 19
measure of entanglement 152
measured values, correlated 130
measurement 105
general 256
selective 256
general selective 279
generalised 178, 262
selective 251, 257
informationally complete 265
local 121,122, 125, 128, 175
minimal 260, 261
most general selective 311
non-local 175, 239, 240
non-selective 77, 110, 303
projective see projective measurements
selective 26, 76, 303
sharp 255
unsharp 255
measurement dynamics 55, 247, 256
measurement operator 250, 257
measurement outcome 257, 285
measurement-based model 244
measuring device 285
memory state 304
message 90
microtraps 141
minimal interpretation 42, 43, 84
minimal measurement 260
mixture 82, 123
separable 172
statistical 25,26, 31, 75
model
measurement-based 244
modular arithmetic, see modular arithmetic
most general selective measurements 311
mutual information 98

natural philosophy 40
negative-result measurement 68
neither-nor state 26

no-cloning theorem 161
non-local measurement 175
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non-local observable 175
non-selective measurement 27
norm 2
normal operator 6
NOT gate 60
null measurement 68
number
natural 221

observable 10, 32

Bell-CHSH 192

classical 44

collective 121

non-local 121, 175
ONB 3
ontology 40
open quantum system 131
open system see open quantum system
operation element 249, 275
operation, local 115, 144
operational 93,116
operator

o see Pauli operator

diagonalisable 6

extended 118

function 9

Hermitian 13

inverse 3

linear 3

local 122

normal 6

unitary 11
operator basis 50

orthonormal 14
operator-sum decomposition 249, 275
operator-sum representation 249
oracle 225
orthogonal 2, 14
orthogonal complement 3
outer product see dyadic product
outer product representation see dyadic de-

composition

output text 93

parallelogram equation 3
parity bit 179

partial trace 119

partial transposition 155
particles
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identical 139
Pauli

matrices 52

operator 49, 51, 175
Peres-Horodecki criterion see PPT criterion
phase bit 179
phase damping channel 291
phase flip 52
phase flip channel 292
phase flip error 240
phase gate 60
phase shifter 60, 81
philosophy of science 40
photon 200, 204
photon polarisation 62
physical properties 34
pointer 298
pointer observable 302
pointer state 302
polar expansion 149
positive integer 221
positive operator 11
positive operator valued measure, see POVM
positive partial transpose criterion see PPT

criterion

positivity, complete 274
postulates 32, 82, 121, 302
POVM 260

element 260, 264

measurement 264, 266, 267, 280
PPT criterion 156
pre-measurement 298
preparation

of a state 105
preparation apparatus 285
preparation entropy 111
preparation procedure 25, 30, 36
prime factorisation 231
private amplification protocol 201
probabilistic cloning 167
probability 16, 33, 122

classical 75

conditional 76, 98
product

dyadic 5

Hilbert space 116

inner 2

operator 118

vector 117
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projection operator 12
local 122
projection valued measure 264
projective measurements 32, 38, 55
projector 7
proper mixture 123
property
emergent 294
intrinsic 139
protocol 200
pure state 31
purification 152, 209
PVM 264

quantisation, second 141

quantum algorithm 225

quantum channel 103, 281

quantum circuit 135, 179, 220

quantum code, error correcting 244

quantum coding, dense 204

quantum computation 220

quantum computers 136, 220

quantum correlations 145

quantum data compression 107

quantum dense coding 204

quantum dots 141, 241

quantum effects 29

quantum entropy 105

quantum erasure 164

quantum error-correcting code 239

quantum Fourier transform 236

quantum gates 49, 59, 135, 220
universal 66, 138, 241

quantum information 106, 112

quantum information theory 89

quantum jumps 282

quantum measurement process 42

quantum network 220

quantum objects 45

quantum operation 274, 275, 290, 311

complete 275, 310
incomplete 275
quantum parallelism 224
quantum range 29
quantum register 219
quantum signal ensemble 103
quantum signal source 103
quantum state 26, 30, 82
classically-correlated 144

entangled 145
quantum state estimation 270
quantum system 29

composite 120

isolated 31

open 131
quantum teleportation 205
quantum theory 29
quantum wires 135, 220
quantum Zeno effect 39, 71
quantum-to-classical transition 293
qubit 49, 105, 106

system 49, 62
query 225

Rabi
frequency 58
oscillations 58
random variable 19, 90
randomised algorithm 233
re-preparation 27
realism, local 187, 188
reality 29, 40, 44, 187
physical 42
recoherence 295, 301
reduced density operator 122
reflection factor 65
remainder 221
right-polar decomposition 260

scalar product 2, 14, 117

Subject Index

scenario of quantum mechanics 23, 285

Schmidt
bases 151
coefficients 150
decomposition 149
number 151
Schrodinger
representation 34, 131, 274
Schrodinger’s cat 296

Schumacher’s quantum noiseless coding theo-

rem 107
second quantisation 141
secret 202
selective measurement 76
self-adjoint 9
separability problem 147
separable 175
separable state 145
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sequence 90
typical 91
Shannon’s entropy 89, 91, 96, 105, 110
Shannon’s noiseless coding theorem  see
Shannon’s theorem
Shannon’s theorem 96
signal ensemble 90
signal source 90
stochastic memoryless 90
signal state 103
simulation 123
single-qubit gate 242
singlet state 118
source text 199
spectral theorem 10
spin 51, 62
spin-% particles 62,203
spooky action into the past 209
standard basis 49
standard deviation 19
standard interpretation 29, 42, 44, 45,303
state 25,74, 123, 224
classical 25,295
correlated 144
entangled 115
maximally entangled 153
pure 26, 31, 73,79, 80, 155
relative 124, 308
separable 145
Werner 284
state evolution
deterministic 257
non-deterministic 257
state reduction 35
state vector 32, 36
statistical mixture 25, 75, 302
Stern-Gerlach experiment 251
ideal 254
non-optimal 253
subadditivity 101, 170
subjectivistic interpretation 45
subspaces
decoherence-free 244
subsystem 115, 120
subsystem operator 118
sum, convex 79
super selection rules 44
superoperators 14, 279
superposition 117

supremum norm 6

SWAP gate 137

system
closed 31
composite 82, 115
open 31, 247

target pair 210
target qubit 136
tensor product 116, 120
theorem

of the operator-sum decomposition 275
theory

classical 188

physical 41

stochastic, local-realistic 188
time 35
time development operator 33
Toffoli gate 137
total probability 18
trace 6, 119
transfer of entanglement 207
transformation apparatus 28, 285
transmission factor 65
transposition 155
trapped atoms 241
tri-orthogonal decomposition 300
triangle inequality 2, 171
two-slit experiment 23
typical subspace 107

U gate, controlled 137
uncertainty 19, 91
remaining 100
unilateral 209
unitary 11
unitary equivalence 11
universal quantum gates 138, 241
unsharp measurement 255

values
of a measurement 32
variables, classical 35
variables, hidden 188
variance 19
von Neumann
entropy 89, 111
equation 74, 131
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Werner state 284 Zeno
which-way marker 163 effect 39

XOR gate see CNOT gate time 39



