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Interesting developments

• Entanglement

• Decoherence

• Quantum Thermodynamics



Zurek, QP/0306072





3

4 4
R

3
R

Parametric Down Conversion
: Splitting a photon into two
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C K Hong and T Noh (1998)
Y-H Kim and Y Shi (2000)

Delayed Choice Quantum Erasure
REVISITED

Kim et al., PRL84, 1(2000); C.K.Hong and T.G.Noh, JOSA B15, 1192(1998)
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Entanglement and Decoherence

A

B or Environment

When system A is entangled with environment, 
state of A cannot be described by a state vector, 
but by a density matrix.

|AB = a |0A |0B + b |1A |1B  = |A |B 

A = TrB AB = TrB |AB AB| =
|a|2 0

0   |b|2

ab*

ba*= |A A |

Zurek

MOLDING a Quantum State
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Molding

E. Knill, R. Laflamme, and G. J. Milburn, Nature 409, 46 (2001).

M. A. Nielsen, Phys. Rev. Lett. 93, 040503 (2004).

M. A. Nielsen and C. M. Dawson, Phys. Rev. A 71, 042323 (2005).



SCULPTURING a Quantum State
- Cluster State [One-way] Quantum Computing -

|+ |+ |+ |+ |+

|+ |+ |+|+ |+ |+

|+

|+ |+ |+ |+ |+ |+

|+ |+ |+ |+ |+ |+

1. Initialize each qubit in the state                                  .

2. Contolled-Phase(CZ) between the neighboring qubits.

3. Single qubit manipulations and single qubit measurements only [Sculpturing].
No two qubit operations! 

R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86, 5188 (2001).
R. Raussendorf, D. E. Browne, and H. J. Briegel, Phys. Rev. A 68, 022312 (2003).

and
- Commuting with each other
- Symmetric w.r.t. control and target

Even superposition 
of computational basis states

B. C. Sanders and G. J. Milburn, Phys. Rev. A 45, 1919 (1992).
M. Paternostra et al., Phys. Rev. A 67, 023811 (2003).
Wang W.-F. et al., Chin. Phys. Lett. 25, 839 (2008)
Nguyen B. A. and J. Kim, Phys. Rev. A 80, 042316 (2009).



Exponential Function



Conjugate Relations

Coherent State



Pseudo-Number State

Pseudo-number State

“Photon number comb”



Orthogonality & Normalization
Conjugate Relations are exact!

Pseudo-number states: Orthogonal, but not normalized.
Pseudo-phase states: Normalized, but not orthogonal.
As |α| gets bigger, they become ortho-normalized.
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Qubits and        Qudits





 

 

Computational Basis

0 , 1

Conjugate Basis

,

1 0 1
2

1 0 1
2

 

  

  



Qubit Operators and Qudit Operators

Cf. D. L. Zhou et al., Phys. Rev. A 68, 062303 (2003).
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Generalized Z Operator
Pseudo-Number Operator
~ Pegg-Barnett Number Operator

 Phase shifter
Generalized Hadamard Operator
 One-step teleportation

Generalized X Operator
Pseudo-Phase Operator
~ Pegg-Barnett Phase Operator

Generalized Cont-Z Operator
 Cross Kerr Interaction

D. T. Pegg and S. M. Barnett, 
Phys. Rev. A 39, 1665 (1989).
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Maximal Entanglement of
Pseudo-Number State and Pseudo-Phase State

Generalized Controlled-Z Operator
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(d  10~1000 ?!)
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Nature Light Science and Applications 1 e40 (2012)
Memory-enhanced noiseless cross-phase modulation
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Abstract
Large nonlinearity at the single-photon level can pave the way for the implementation of universal quantum gates.
However, realizing large and noiseless nonlinearity at such low light levels has been a great challenge for scientists in the
past decade. Here, we propose a scheme that enables substantial nonlinear interaction between two light fields that are
both stored in an atomic memory. Semiclassical and quantum simulations demonstrate the feasibility of achieving large
cross-phase modulation (XPM) down to the single-photon level. The proposed scheme can be used to implement parity
gates from which CNOT gates can be constructed. Furthermore, we present a proof of principle experimental
demonstration of XPM between two optical pulses: one stored and one freely propagating through the memory medium.

Keywords:
CNOT gate; cross-phase modulation; electromagnetically induced transparency; parity gate; quantum memory

Jeffrey H. Shapiro, Phys. Rev. A 73, 062305 (2006)
"Single-photon Kerr nonlinearities do not help quantum computation"



Cross-Kerr vs. Self-Kerr
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S. J. van Enk, PRL 91, 017902 (2003)

“Deterministic” Generation 
of a Qudit Cluster State

Tayloring

Scissors:
measurements in pseudo-
number basis (Z)

Stitches:
measurements in pseudo-
phase basis (X)
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One-step 
d-dim Teleportation
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d-dim Teleportation

1dk

2ds

Pseudo-Phase Measurement
by Homodyne Detection
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Homodyne Detection
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Postselection of high Number state
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One-step teleportation

Quantum Repeater

Project qudit 1 into



Quantum Repeater

Project qudits 1&2  into

4 qudits in series

Quantum Repeater

Project qudits 1,2&3  into

5 qudits in series



Tayloring

Scissors:
measurements in pseudo-
number basis (Z)

Stitches:
measurements in pseudo-
phase basis (X)

Bell State

Tayloring

Scissors:
measurements in pseudo-
number basis (Z)

Stitches:
measurements in pseudo-
phase basis (X)

GHZ State



arXiv:1410.3217 [pdf, ps, other]
Title: Discrete-phase-randomized coherent state source and its application in quantum key distribution 
Authors: Zhu Cao, Zhen Zhang, Hoi-Kwong Lo, Xiongfeng Ma
Comments: 4 figures, comments welcome 
Journal-ref: New J. Phys. 17 053014 (2015) 



Coherent State

Spin Coherent State Qudit





Modulo-d spin state & Spin coherent state

Ising InteractionCZ



Spin-half Coherent State Qubit

Summary
• Optical Coherent State: Even superposition of d-dim

pseudo-number computational basis states
• Generalized Cont-Z can be implemented 

by Cross-Kerr interaction (d  10~1000 ?!)
 Max Entanglement  Qudit Cluster State

• d-dim teleportation 
• Pseudo-Phase Measurement by Homodyne detection
• Pseudo-Number Measurement
• Network for Quantum Communication
• Spin coherent state qudit
• Qudit Cluster Quantum Computation …

#  Decoherence
#  Single qudit operation with non-integer power
#  Quantum Optics … Circuit QED …

JK, J. Lee, S.-W. Ji, H. Nha, P. Anisimov, J. P. Dowling, Opt Comm 337, 79 (2015)



Proof of Principle Test

X0 X2

Proof of Principle Test
Easier One
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Thanks …


