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Index

a
absorption 304
ADC, see analogue-to-digital converter
addition modulo 2 56
alphabet 41, 44, 47, 48
amplitude damping channel 26, 115
amplitude quadrature 237
analogue-to-digital converter 164
ancilla system 23, 24, 28, 29, 114
annihilation operator 20, 84, 89, 91, 94, 96,

183, 232, 233, 260
atom 51, 70, 71, 79, 99, 210, 299, 301, 302,

319
atomic system

– dipole transition 302
– two-level system 302

authentication 43
avalanche photodiode 240, 308, 314

b
Baker-Campbell-Hausdorff (BCH) formula

54, 59, 96, 97
basis

– Hermitian 11, 27
– localized 307
– unitary 25, 28, 29, 38, 53, 115, 116, 122,

272, 281, 282
BB84 protocol 42, 43
BCH, see Baker-Campbell-Hausdorff
beam splitter

– asymmetric 183–186, 205, 236, 256, 262
– homodyne detection 40, 81, 100, 165,

175, 189, 226, 254, 256, 262, 287, 292,
301, 305

– input-output relation 249, 254, 261
– symmetric 132, 144, 173, 183–186, 205,

227, 236, 256, 262
– transmittance 110, 111, 173, 197, 232,

254–256, 287, 305

Bell basis 36, 75, 76, 120, 128, 147, 150, 269
Bell measurement 39–41, 48, 53, 74, 75, 117,

120, 121, 180, 182, 183, 187, 189, 199, 205,
212, 245, 247, 253, 266–270, 283, 313, 314

Bell state 33, 34, 37, 39–41, 48, 74, 121, 128,
129, 131–133, 135, 142, 180, 182, 187, 299,
310–312

bipartite mixed state 37
bipartite pure state 37
birefringence 140
biseparable state 130
bit-flip 55, 60, 63, 64, 66–68, 218, 220, 221
bit-flip error 63, 64, 66
Bloch

– sphere 12, 13, 19, 21, 63, 99, 100
– vector 12

boson 54, 79, 86, 87, 109, 259
boundary condition

– periodic 85
BS, see beam splitter

c
cascade 273, 274, 278
cat state 210, 300–309, 318
cavity 163, 165, 174, 205, 211, 227, 240, 254,

255, 262, 287, 302, 304–308, 313
– Hamiltonian 302
– input-output relation 254
– mode function 306, 307
– quality 211, 255
– Wigner function 254, 304, 306–308

channel 23–26, 114–116
– depolarizing 217, 223
– discrete 3, 4, 64, 66, 218, 223, 225
– noiseless 48
– product 25, 29, 68, 200

characteristic function 95–97
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circuit
– quantum 40, 49, 52, 69, 74, 75, 210,

220, 221, 252, 266
CK, see cross-Kerr nonlinearity
classical communication 7, 32, 37–41, 45,

47, 50, 130, 180, 210, 231, 234, 235, 237,
238, 245, 314

classical computer 50, 56, 121
classical state 82, 97, 260, 285, 303, 306
classicality 97, 189, 210, 285, 295, 303
classically correlated 34
Clifford group 19, 20, 40, 57, 132, 284
Clifford parallelism 273, 283
cloning 6–8, 10, 30, 40, 42, 45, 62, 63, 120,

179, 183–186, 196–202, 204, 210, 211, 214
cluster state 3, 53, 127, 131, 132, 138–142,

154, 155, 157, 159, 160, 170–178, 260,
271–285, 291–297, 320–322

CNOT gate 40, 55, 56, 60, 63, 70, 72–76,
248–252

code
– quantum 218
– repetition 64, 67, 68, 218, 318
– stabilizer 67–69, 103, 120, 218, 219

coherence 9, 73, 82, 83, 222
coherent state

– mean photon number 90
– nonlinear 112, 120, 200, 255, 293, 301,

304
– P function 192

coherent superposition 9, 11, 218
coincidence 135, 138, 181–183, 187, 188, 221
commutation relation 14, 86–88, 103, 104,

109, 163
– bosonic 109

commutator 14, 25, 54, 59, 87, 107, 113, 118,
147, 316, 318

complete positivity 23
completely positive map 148

– Gaussian 148
completely positive trace-decreasing (CPTD)

map 23, 28, 29, 31, 114, 116
completely positive trace-preserving (CPTP)

map 9, 23–26, 29, 66, 114, 117
completely positive unity-preserving (CPUP)

map 25, 26, 116
completeness relation 90
complexity 50, 69
composability 111
composite system 24, 28, 316
computational basis 13, 16, 52, 56, 71, 100,

218, 272, 274, 281, 292
concurrence 36

conditional probability 48
conditional variance 261, 264, 266
configuration

– space 208, 223
– state 208, 211, 223, 255, 304

connection 37, 41, 46, 101, 127, 129
continuous variables 40, 148, 203, 204, 223,

253, 259, 284
continuous wave 87, 107, 199, 200, 211, 262,

287, 305
control qubit 250, 251
convex sum 34
cooling 76
coordinate

– orthogonal 90
– spherical 12

correlation
– degree of 33, 163, 208, 211, 214
– matrix 103–107, 144–146, 149, 154

Coulomb gauge 84
coupling

– deterministic 292
– effective 122, 280, 292, 302
– mode 122, 280, 287, 292, 294, 302, 317
– strong 122

covariance matrix 103, 118
CPTD, see completely positive

trace-decreasing
CPTP, see completely positive

trace-preserving
CPUP, see completely positive

unity-preserving
creation operator 71, 109, 110, 303
criterion 35, 37, 121, 128, 146–149, 154, 167,

179, 211, 265, 312
– negative partial transpose (npt) 148,

149, 154
– partial transpose 35–37, 128, 146, 148,

149, 154
cross-Kerr nonlinearity 122
cryptography 42, 50
CSIGN 247
current fluctuations 190, 192
CV experiment 107, 236, 239, 300, 306, 308
CV graph state 142, 154–157, 159, 172
CW, see continuous wave

d
decoherence 235, 237, 252, 254

– independent 237
decomposition

– orthogonal 11, 114, 311
– polar 86
– spectral 11
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degeneracy 160
dense coding 48, 49, 204
density matrix 35, 309, 310

– reduced 310
density operator 7, 9, 11, 18, 23, 24, 26, 27,

29, 32, 34–36, 43, 64, 104, 106, 128, 148,
152, 233, 235
– reduced 24, 32, 36, 43, 64
– thermal 106

depolarizing channel 223
Deutsch-Jozsa algorithm 50, 52
discrete modes 84
dispersion 85
dispersion relation 85
displacement operator 17, 89, 94, 269, 284
distillability 128
distillation 7, 44, 45, 48, 69, 217, 218, 223,

231–233, 235–241
distillation protocol 217, 223, 237
distribution, Gaussian 290, 303, 308, 312
dual-rail encoding 99, 122, 123, 247, 248, 318

e
efficiency 121, 141, 142, 191–195, 201, 205,

226, 247, 248, 251, 252, 256, 304–306
eigenbasis 11, 27, 147
eigenstate 12, 13, 15–17, 33, 52, 59, 89, 94,

100–102, 155, 171, 291, 319
eigenvalue 10, 11, 16, 21, 27, 32–35, 37, 67,

68, 89, 101, 104–107, 120, 128, 130, 142,
145, 146, 150, 155–157, 168, 207, 219, 291,
302

eigenvector 67, 68, 128, 219
Einstein-Podolsky-Rosen (EPR)

– beam 164, 165, 189–193, 195, 196, 313,
314

– correlation 160–162, 164–166, 300, 313
– state 34, 142, 160, 188, 189, 211, 267,

268
Ekert protocol 7
electric field 83, 85–88, 90
electro-optic modulator 213, 226, 227, 253,

255, 262, 263, 277, 286
electromagnetic field 82–87, 89, 90, 107, 160,

189, 203
– Hamiltonian 86
– mode expansion 87
– photon 83, 84, 86, 89, 107, 160
– radiation 82
– wave equation 83

electronic state 71, 73
energy

– resonance 70

– total 80
– vibrational 70
– zero-point 13

entanglement 31–38, 127–178
– bipartite 31, 32, 34, 36, 37, 127, 128,

130, 143, 144, 146, 149, 154, 196–198,
203, 204, 210, 310, 311

– partial transposition 35, 36, 128, 148,
149, 311, 312

– two-party 34, 128, 129, 150, 151, 236
– witness 31, 34–37, 127–130, 132, 142,

146–151, 154, 176, 219, 220, 311
entanglement distillation 7, 44, 45, 69, 217,

218, 231–233, 235–241
entropy

– classical 32
– von Neumann 12, 32, 36, 47, 143, 145

EOM, see electro-optic modulator
EPR, see Einstein-Podolsky-Rosen
error, bit-flip 63, 64, 66, 67, 218, 221
excitation

– energy 13
– thermal 103, 105, 106

f
Fourier transform

– discrete 15, 284
– quantum 15, 17, 50, 96, 267, 281, 282,

284, 292, 293
function

– balanced 256, 306
– constant 84

g
Gaussian computation 271, 282
Gaussian qumode gates 252
Gaussian unitaries 57, 98, 105, 113, 119, 159
GHZ, see Greenberger-Horne-Zeilinger
GKP (Gottesman, Kitaev, and Preskill) 300,

315, 318–321
Gottesmann-Knill theorem 56, 59, 60, 120
graph state 38, 69, 102, 127, 131, 132, 141,

142, 154–157, 159, 172
Greenberger-Horne-Zeilinger (GHZ) state

130, 131, 135–137, 150, 154, 167, 168, 170,
197, 204, 208

h
Hadamard

– beam splitter 40, 66, 99, 100, 221
– gate 15, 40, 55, 98, 99, 121, 131, 221,

272, 284, 303, 318
– transformation 13, 100, 140, 274
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half beam splitter 133, 136, 137, 151, 160,
163, 164, 175, 181, 183, 189, 197–199, 201,
202, 205, 206, 211, 212, 227, 236–238, 240,
292, 305, 306

half wave plate 133, 135–138, 140, 188,
220–222, 227, 235, 236, 249, 251, 253, 256,
262, 277, 305

Hamiltonian
– approximate 54, 55, 57, 292, 316
– decomposition 54, 57, 109, 316
– electromagnetic field 86
– Hermitian 13
– hybrid 300, 315
– interaction 54, 91, 109, 315
– light-matter interaction 315
– matrix 54, 55

harmonic oscillator 4, 13, 83, 86, 89
– coherent state 89
– number state 13
– quantum 4, 13, 83, 86, 89

HBS, see half beam splitter
homodyne detection

– beam splitter 40, 81, 100, 165, 175, 189,
226, 254, 256, 262, 287, 292, 301, 305

– local oscillator 81, 161, 175, 192, 225,
256, 262, 286, 292, 305

– quadrature 81, 165, 169, 189, 192, 212,
214, 224, 225, 254, 256, 283, 287, 292,
295, 300, 307

– squeezed light 300
horseshoe cluster 276, 277, 279
HWP, see half wave plate
hybrid entanglement 32, 44, 299, 310, 311
hybrid Hamiltonian 300, 315
hybrid quantum computing 315–322

i
inequality, Schwarz 147, 153
input-output relation

– beam splitter 249, 254, 261
– cavity 254

interaction Hamiltonian 54, 91, 109, 315
– approximate 54

interaction, two-particle 51
ion

– motional state 76
– phase gate 56–59, 75, 76, 248, 267, 268,

283–285, 317, 319–321
– trap 70, 71, 223
– two-qubit gate 53, 247, 274–277
– wavefunction 312

j
joint measurement 38, 199, 205, 245
joint probability 43

k
Kerr effect 109, 112
Kerr nonlinearities 247
key 3, 6, 7, 30, 41–44, 48, 50, 230, 312, 314

– exchange 43
– transmission 7, 42

Kraus operator 23, 25, 27, 66, 115, 116

l
Langevin equation 25
laser

– control 205, 255, 262, 305
– field 82, 89, 160
– single-mode 226, 287

leakage 307
Lie algebra 57, 318
light

– frequency of 163, 223
– polarization 51, 79, 83, 90, 99, 107, 133,

300
– speed of 7, 40, 46, 83, 107
– wavelength of 262

light source 174, 300
linear ion trap 223
linear optical element 51, 122, 317
linear optics 79, 100, 112, 116, 117, 120, 122,

158, 172, 182, 223, 233, 246, 249, 266
linear unitary Bogoliubov (LUBO)

transformation 110–114, 119, 122, 143,
158, 254, 272, 292–294

local measurement 53, 237, 238, 292, 294
local observable 34
local operation 32, 37, 45, 46, 130, 203, 231
local oscillator 80, 81, 118, 119, 161, 164,

170, 174, 175, 190, 192, 205, 212, 225–227,
240, 253, 255–257, 262, 263, 284, 286, 292,
305, 308, 309

logic circuit 279
logic gate 4, 273
lossy channel 114, 118, 120
LUBO, see linear unitary Bogoliubov

transformation

m
Mach-Zehnder interferometer 183, 185, 261,

262, 287
macroscopic superposition 302
magnetic field 82–87, 89, 90, 107, 160, 189,

203
magnetic resonance 70
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magnetization 83
map, completely positive 9, 23–25, 148
Markovian approximation 25
master equation 25
matrix

– density 32, 35, 309, 310
– generator 132, 155, 158
– Pauli 12, 274, 318
– reduced density 32, 310
– rotation 55, 103, 157, 173

Maxwell equation 83, 84, 87
measurement

– exchange 43
– minimal 30, 218
– non-selective 26, 29
– selective 26, 29

measurement-induced nonlinearities 123
measurement outcome 27, 28, 30, 38, 53,

227, 254, 256, 273, 282, 321
message 3, 43, 47
mixing 80, 81, 110, 190, 212
mixture 11, 34, 106, 115, 152, 153

– separable 34, 152
– statistical 11

mode
– bosonic 79, 259
– cavity 163, 174, 211, 227, 254, 255, 262,

287, 302, 304–307
– expansion 87
– function 84, 85, 306, 307

model
– measurement-based 52, 53, 217, 271,

284
momentum

– conjugate 14, 16, 59, 89, 160, 285, 291
– electron 82, 169

multipartite entanglement 127, 129–132,
144, 196, 197

mutual information 47, 48

n
Naimark extension 29, 116, 117
negative-frequency part 84
negativity 36–38, 97, 104, 146, 232, 241, 308,

312
network 6, 45, 112, 150, 156, 159, 172, 179,

197, 203, 204, 209, 223, 249, 251
nine-qubit code 66, 218, 219, 223
no-cloning theorem 6, 8, 30, 62, 196
nonclassical

– characteristic function 97
– entanglement 34, 42, 82, 136, 179, 210,

218, 230, 304
– state 97, 303, 306

nondegenerate optical parametric amplifier or
oscillator 144, 160

nonlinear optics 79, 120
nonlocality 34
NOPO, see nondegenerate optical parametric

amplifier or oscillator
normalization 10, 14, 85, 95, 251, 310
NOT gate 40, 55, 56, 60, 63, 70, 72–74, 76,

221, 248–252, 259
NSS gate 247, 297, 322
nuclear magnetic resonance 70
number operator 13, 87–89
number state 13, 14, 71, 251, 303, 304, 307

– Wigner function 303, 304, 307

o
observable 4, 5, 8, 10–17, 19, 22, 25–27, 34,

35, 82, 88, 118, 146, 147, 150, 176, 260, 281,
282, 285
– classical 4, 5, 8, 15, 82, 118, 260, 285

one-time pad 43
one-way quantum computation 53, 279, 284,

292, 295, 296
OPA, see optical parametric amplifier
operator

– annihilation 20, 71, 84, 86, 89, 91, 94,
96, 109, 110, 183, 232, 233, 260, 302

– computation 16, 18, 54, 56, 100, 109,
131, 172, 282, 284

– creation 71, 84, 86, 91, 96, 109, 110,
302, 303

– density 7, 9, 11, 18, 23, 24, 26, 27, 29,
32, 34–36, 43, 64, 104, 106, 128, 148, 152,
192, 233, 235

– expansion 17, 88, 89, 301
– function 17, 95–97, 107, 129, 148, 192,

312
– Hamilton 13, 18, 21, 54, 57, 86, 91, 92,

109, 114, 260, 284, 292, 302, 315, 316
– Hermitian 11, 13, 14, 27, 35, 83, 84, 89,

101, 111, 157
– position 20, 65
– projection 27
– symmetrized 96
– unitary 18, 19, 27, 54, 122, 272, 302

OPO, see optical parametric oscillator
optical experiments 218
optical fiber 3, 45, 112, 254
optical parametric amplifier (OPA) 90, 92,

238, 301, 304
optical parametric oscillator (OPO) 144, 159,

160, 162–164, 174, 175, 190, 197, 200, 201,
205, 211, 212, 226, 227, 237, 238, 240, 241,
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253, 255, 262, 286, 287, 293, 295, 304–309,
313, 314

optical QEC 217
optical quantum computation 121–123
oscillator, harmonic 4, 13, 83, 86, 89

p
parametric amplifiers 237
parametric down conversion (PDC) 79, 127,

133, 134, 138, 220, 222, 261, 303, 304
partial trace 7
partial transpose 35–37, 128, 146, 148, 149,

154, 311, 312
passive transformation 110, 111, 113, 158
Paul trap 70
Pauli

– channel 26, 64
– group 67
– matrices 12, 274, 318
– operator 13, 17, 19, 22, 33, 40, 55–57,

129, 131, 301, 302, 319
PBS, see polarization beam splitter
PDC, see parametric down conversion
periodic boundary condition 85
periodically-poled KTiOPO_4 (PPKTP) 174,

227, 255, 262, 287, 304, 305, 308
permittivity 83
phase

– commutation relation 88
– Hermitian 13, 111, 157
– operational 157, 192
– reconstruction 76
– transition 71, 73, 302
– uncertainty 15, 80, 82, 91, 106, 200

phase flip 38, 60, 318
phase gate 56–61, 75, 76, 109, 248, 267, 268,

275, 277, 283–285, 317, 319–321
phase quadrature 160, 254, 299
phase shifter 110, 111, 113, 122
phase space

– displacements 103, 110, 112, 113, 155,
157, 158, 189, 224, 225, 292

– representation 94, 97
– P function 97
– Wigner function 97

– variables 15, 66, 94, 100, 191
phase state 61, 267, 320, 321
phonon 70–74, 76
photoelectric effect 83
photomultiplier tube (PMT) 75
photon

– cavity 163, 165, 304–308
– coherent state 89, 90, 100, 115, 117,

118, 120, 162, 179, 210, 300, 301, 304

– number operator 87, 88
– number state 251, 303

photon number resolving (PNR) detection
232, 296, 301, 321

PMT, see photomultiplier tube
PNR, see photon number resolving
Pockels cell 221, 222
Poissonian distribution 90
polarization beam splitter 100, 133, 135–140,

188, 221, 227, 233, 251, 315
polarization entanglement 132
polarization qubit 99, 100, 135, 138, 140,

183, 185, 251, 274, 314, 315
positive-frequency part 83
positive map 148
positive operator 23, 27, 311
positive-operator valued measure (POVM)

27–31, 43, 48, 116, 117, 121, 122, 297, 322
– element 27, 28, 30, 121, 122, 297, 322
– measurement 27–31, 43, 48, 116, 117,

121, 297, 322
positive partial transposition 128
postselection 48, 135, 138, 141, 179, 251,

275, 277, 280, 291, 293, 300–302
POVM, see positive-operator valued measure
PPKTP, see periodically-poled KTiOPO_4
privacy amplification 48
probability

– classical 95–97
– conditional 48
– density 23, 29, 43, 64, 93

projective measurement 73, 269
projector 28, 65, 69, 121, 129
pure quantum state 10
purification 45, 47, 69, 238

q
QEC, see quantum error correction
QKD, see quantum key distribution
QND, see quantum nondemolition
quadratic interactions 120
quadrature

– eigenstate 89, 93, 101, 155, 171, 285
quadrature components 81, 195, 263, 265
quadrature distribution

– measurement 307
– sum 307

quadrature operators 91, 92, 145, 163, 189,
192, 225, 230, 285

quadrature-phase amplitudes 190
quadrupole 71
quantum

– harmonic oscillator 4, 13, 83, 86, 89
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quantum algorithm 49, 50, 52
quantum channel 3, 4, 43, 48, 224
quantum circuit 40, 49, 52, 69, 74, 75, 210,

220, 221, 252, 266
quantum cloning 42
quantum code 218
quantum coherence 9
quantum communication 3, 4, 7, 31, 38,

41–49, 62, 69, 197, 203, 210, 217
quantum computation 3, 4, 7, 18, 20, 38,

49–62, 69, 80, 109, 120–123, 131, 172, 197,
203, 217, 246–248, 252, 259, 260, 271,
279–281, 284, 292, 295, 296, 301, 316–318
– Heisenberg picture 203
– linear optical 51, 80, 122, 246, 301
– measurement-based 3, 38, 52, 53, 217,

260, 271, 284
– one-way 18, 53, 54, 248, 279, 284, 292,

295, 296
quantum computer 5, 38, 41, 49–51, 62, 121,

123, 246, 253
quantum correlation 33, 129, 132, 142, 161,

162, 173, 174, 178, 203, 208, 219, 225, 260
quantum cryptography 42, 50
quantum dot 70
quantum efficiency 191, 192, 201, 205, 256,

306
quantum error correction (QEC) 62–69,

217–231
quantum error correction code 120, 224, 319
quantum fluctuations 81, 82, 90
quantum Fourier transform 50
quantum gate 52, 121, 122, 246, 247, 271

– local 271, 286
– universal 52, 121, 122, 246, 271

quantum information theory 3, 4, 6, 82, 86,
217

quantum key distribution (QKD) 6, 7, 30,
41–44, 48, 50, 312

quantum logic 273, 284
– circuit 284
– gate 273, 284

quantum measurement 31
quantum memories 46, 48
quantum noise 190, 191, 193, 255
quantum nondemolition (QND) 246, 259

– interaction 260, 263, 264, 266
– measurement 255
– sum gate 260, 283

quantum objects 13

quantum operation 9, 22, 23, 26, 31, 43, 114,
179, 252, 253, 293, 296
– complete 9, 23, 43
– reversible 22, 26, 31, 114

quantum parallelism 49
quantum repeater 3, 44–47, 217
quantum search algorithm 50
quantum simulation 50
quantum state

– cloning of 10
– coherent 43, 79, 82, 89, 162, 179, 196,

203, 210, 213, 256, 260, 287, 288, 293,
295, 304

– entangled 8, 18, 31, 38, 39, 41, 43, 45,
52, 79, 163, 165, 179, 203, 231, 245, 253,
260, 284

– EPR 4, 8, 43, 79, 82, 89, 94, 95, 162,
165, 180, 213, 254, 256, 260, 288, 293

– number 10, 45, 89, 196, 231, 304
– phase 38, 79, 82, 89, 94, 210, 213, 254,

256, 260, 284, 285, 287, 288, 293
– pure 10
– quadrature 79, 82, 163, 165, 213, 254,

256, 285, 287, 288, 295
– squeezed 52, 82, 162, 165, 245, 254,

256, 260, 285, 287, 288, 295, 304
– thermal 82, 288

quantum system 4, 18, 50, 148
quantum teleportation 38–41, 179–215,

245–270
quarter wave plate (QWP) 137, 138, 140, 141,

185, 186, 274, 277, 305
qubit

– atomic 79, 99, 210, 299, 302
– logical 67, 121, 218, 220, 315, 318–320
– photonic 45, 46, 70, 79, 98, 99, 114, 116,

117, 120–122, 127, 132, 179, 210, 249,
297, 299, 300, 317, 322

– physical 51, 63, 64, 66, 67, 218
qumode 13–17, 20–22, 33, 57–62, 236–241,

280–297
– entanglement swapping 210
– telecloning 196
– teleportation network 150, 203

QWP, see quarter wave plate

r
Rabi frequency 71
Radon transformation 257

– inverse 257
read-out 52
receiver 7, 41, 47, 80, 179, 183, 196–198, 204,

205, 208, 211, 245
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reduced density operator 32, 43
reduction 27, 57, 90, 111, 112, 114, 119, 158,

172, 190, 207, 317
redundancy 62
relative phase 71, 164, 167, 205, 213, 255,

287, 311
remainder 4, 50, 52, 70, 238
repeater 3, 44–47, 217
repetition code 64, 67, 68, 218, 318
resonance fluorescence 75
reversibility 18
RSA encryption 49, 50

s
sampling 256, 288
scalability 49, 62, 291
Schmidt

– bases 70
– coefficients 32, 130, 146, 232, 310
– decomposition 31, 32, 129, 143, 232
– number 32, 143, 232
– rank 32, 34, 37

Schrödinger equation 148
Schrödinger kitten 240, 241, 303, 304, 307,

308, 313, 314
Schrödinger picture 92, 250
Schwarz inequality 147, 153
self-homodyning 227
self-Kerr nonlinearity 122
separability 24, 31, 34–36, 128, 146–149, 153,

154, 167, 168, 170, 176–178, 197, 198, 211,
239, 265, 311, 312
– criterion 35, 128, 146, 148, 149, 154,

167, 211, 265, 312
separability problem 149
separable 34–37, 43, 44, 128–130, 141, 147,

148, 152, 154, 167, 177, 197, 204, 219, 275,
276, 299, 311

separable state 35, 37, 43, 44, 128–130, 147,
148, 152, 299, 311

Shannon theory 47
sideband cooling 76
sidebands 107, 160, 162, 189, 213, 255, 262,

287, 300
signal state 24, 40, 44, 47–49, 54, 63, 66, 114,

116, 117, 220
signal transfer 80
simulation 50, 57, 58, 317
single-ion 70, 72–74
single-mode squeezer 110–112, 254, 284
single photons 45, 99, 122, 183, 184, 240,

246, 312
single-qubit gate 60

singular value decomposition 111
SK, see self-Kerr
spectra 11, 107, 162, 164, 190, 192, 305, 308

– electron 164
– time-resolved 162

spectral function 107
spin 70, 76, 99, 123, 299, 318

– electron 70, 99
– nuclear 70

spin-1/2 318
spontaneous emission 8
squeezed light 82, 142, 150, 172, 237, 297,

300, 322
– condition 142, 237, 297, 300, 322
– homodyne detection 300
– optical parametric oscillator 237

squeezed state
– coherent 91, 100, 164, 174, 188, 255,

256, 287, 304, 311
– minimum uncertainty 91
– quadrature squeezing 287
– quadrature variance 93, 285
– squeeze operator 91
– two-mode 34, 51, 127, 142–146, 159,

160, 232, 245, 267, 269, 270, 285, 311, 320
– two-mode squeezed vacuum 142, 143
– vacuum 51, 90, 91, 93, 102, 103, 142,

143, 159, 164, 172, 223, 256, 259, 287,
303, 304, 308

– Wigner function 103, 143, 256, 303,
304, 307, 308

squeezed vacuum state 92–94, 101, 102, 104,
106, 107, 109, 142–145, 148, 150, 151, 162,
168, 197, 204, 205, 211, 226, 266, 286, 292,
293, 301

squeezing gates 246, 260, 272, 283, 291, 294
stabilizer code 67–69, 103, 120, 218, 219
stabilizer formalism 103, 217, 218
stabilizer group 33, 56, 67, 68, 129, 155
standard deviation 256, 258
standard form 101, 148, 265, 299
state

– cat 210, 300–309, 318
– correlated 34
– estimation 121
– maximally entangled 32, 33, 36, 39, 40,

143, 197, 204, 231
– mixed 11, 12, 17, 18, 29, 31, 32, 34, 36,

37, 103–106, 130, 143–146, 232, 235, 259
– nonclassical 97, 303, 306
– product 32–34, 50, 54, 59, 86, 105, 106,

131, 145, 147, 155
– reduction 27
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– separable 34–37, 43, 44, 128–130, 141,
147, 148, 152, 154, 167, 177, 197, 204,
219, 275, 276, 299, 311

– transformation 16, 32
– vector 7, 10, 29, 31, 32, 39, 68, 273, 282
– Werner 9, 34

statistical mixture 11
subsystem 31–33, 36, 63, 66, 67, 128, 148,

197, 204, 218, 271, 299, 303, 311
success probability 46, 117, 182, 221,

246–249, 251
superconducting 70
symplectic matrix 104
system

– closed 18
– composite 24, 28, 71, 76, 316

t
T-shape cluster 172, 174–177
target qubit 250, 251
telecloning 183–186, 196–202, 204
theory

– classical 4–6, 41, 42, 47, 49, 50, 82, 85,
192, 195, 217, 295

– physical 3, 5, 6, 50
thermal state 103–107, 143, 146, 198
Ti:sapphire laser 163, 174, 200, 205, 211,

226, 255, 262, 287, 305
time resolution 300, 313, 314
TMSS, see two-mode squeezed state
transformation

– active 110
– Gaussian unitary 80, 109, 148, 284
– orthogonal 67, 113, 114, 119
– passive 58, 110–113
– symplectic 57, 58, 105, 110, 113, 114,

118
– unitary 9, 18, 39–41, 80, 88, 109, 148,

158, 252, 253, 284
transposition 24, 35, 36, 128, 146, 148, 149,

311, 312
trap 70, 71, 73, 220, 223

– configurations 223
trapped atom 70

– Paul trap 70
trapped ion 70, 71, 73
tree 112
tripartite entanglement 130, 167, 196, 197,

199, 203–205, 208, 209
two-level system 3, 51, 71, 302

two-mode squeezed state (TMSS) 34, 51,
127, 142–146, 159, 160, 232, 245, 267, 269,
270, 311, 320

two-mode squeezed vacuum 142–145, 148,
162, 163, 195

two-mode squeezing 145
two-qubit gate 53, 55, 61, 247, 274–277

u
uncertainty relation 6, 15, 80, 82, 104–106,

147, 153
– Heisenberg 6, 15, 82, 104
– N-mode 104, 105

unconditional security 50
unitary operator 18, 19, 27, 54, 122, 272, 302
universal cloning 10
universal gate 22, 121, 122, 246, 284, 317,

319
universal gate set 22, 284
universal quantum gates 121, 122, 246

– criterion 121
universal squeezer 246, 252, 259

v
vacuum

– Rabi splitting 302
variance matrix 103, 118
vibrational

– levels 70, 73
– mode 70, 73
– motion 70, 71

visibility 201, 205, 256
von Neumann entropy 12, 32, 36, 47, 143,

145

w
wave equation 83–85
wave function 17, 92, 93, 142
waveplate 99, 100, 235
Weyl correspondence 96, 97, 103
Weyl-Heisenberg operator 16, 17, 284
Wigner function 92, 94, 95, 97, 98, 102–104,

106, 107, 112, 113, 119, 143, 148, 210, 241,
254, 256, 257, 288, 289, 299, 303, 304,
306–309

witness 31, 34, 35, 37, 127–132, 142,
146–151, 154, 176, 219, 220, 311

z
zero-point energy 13




