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Bell States 

 Maximum Entangled Quantum States: 

The usual form of the CHSH inequality is:

|E(a, b) − E(a, b′) + E(a′, b) + E(a′ b′)| ≤ 2

In maximum entangled quantum states: 

|E(a, b) − E(a, b′) + E(a′, b) + E(a′ b′)|=22√2



  

Bell States 

 maximum entangled quantum states of two “qubits”

a qubit:

|Φ±>=1/√2(|0>
A
×|0>

B
±|1>

A
×|1>

B
)

|Ψ±>=1/√2(|1>
A
×|0>

B
±|0>

A
×|1>

B
)

=> orthonormal basis

|Ψ>=α|0>+β|1>                    |α|2+|β|2=1



  

Bell States 
 measurement:

-It is a joint quantum-mechanical measurement of two qubits 
that determines in which of the four Bell states the two qubits 
are in.

-If the qubits were not in a Bell state before, they get projected 
into a Bell state , and as Bell states are entangled, a Bell 
measurement is an entangling operation.

-In linear optics only partial information can get out of such 
measurement:



  

Bell States 
 measurement:

Samuel L. Braunstein and A. Mann Measurement of the Bell operator and quantum 
teleportation  Phys. Rev. A 51, R1727 - R1730 (1995)
Department of Chemical Physics, The Weizmann Institute of Science, Rehovot 76100, Israel

Department of Physics, Technion–Israel Institute of Technology, 32000 Haifa, Israel

measuring |Ψ±>,|Φ>: |Ψ->



  

Bell States 
 measurement:

measuring |Ψ±>,|Φ>: |Ψ+>



  

Bell States 
 measurement:

measuring |Φ±>,|Ψ>:
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Bell States 
With linear optics one cannot perform a complete measurement 

of the Bell states. 

Linearity implies:

 



  

Bell States 
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teleportation  Phys. Rev. A 51, R1727 - R1730 (1995)
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Quantum Teleportation:

First proposed in 1993 by Bennett et al.

What do they mean by the science fiction term???



  

Quantum Teleportation:

First proposed in 1993 by Bennett et al.

Alice wants to send Bob 
a qubit.

Three (+one) options (?):
1. Physically send the qubit.
2. Broadcast this (quantum) information - Bob can 
obtain the information via some suitable receiver.
3. Measure the unknown qubit in his possession. The 
results of this measurement would be communicated to 
Bob, who then prepares a qubit in his possession 
accordingly, to obtain the desired state.



  

Quantum Teleportation:

First proposed in 1993 by Bennett et al.

Alice wants to send Bob 
a qubit.

Three problems :
1. Bad wires.
2. No-broadcast theorem - No-cloning theorem.
3. A quantum state is more then the sum of its' 
observables: without knowledge of the preparation 
procedure of a qubit, no measurement can determine its 
state.



  

Quantum Teleportation:

A Scheme:

Let Alice and Bob share a Bell state
                 
                                  
                   
                    

Alice takes the qubit to send (1) and the qubit from the
Bell state (2) and measures them in the Bell basis   
One of four possible outcomes --->   two bits of classical 
information
Send these bits to Bob, who operates on his qubit (3)  a
unitary transformation.



  

Quantum Teleportation:

Now in Greek letters:

Let us assume Alice and Bob are in the Bell state:

|Φ+>
2,3         

then the whole system (1,2 and 3):

|Ψ>
1
×|Φ+>

2,3
=(α|0>

1
+β|1>

1
)×1/√2(|0>

2
×|0>

3
+|1>

2
×|1>

3
)=

=...=1/2(|Φ+>
1,2

×(α|0>
3
+β|1>

3
)+|Φ->

1,2
×(α|0>

3
-β|1>

3
)+

+|Ψ+>
1,2

×(β|0>
3
+α|1>

3
)+|Ψ->

1,2
×(β|0>

3
-α|1>

3
))

so after Alices' measurement, Bob have equal 
probabilities for any of the 4 unitary transformations.



  

Quantum Teleportation:

4 possible outcomes:

|Ψ+>
1,2 

--------> σ
z
|Ψ+>

3

|Ψ->
1,2 

 --------> σ
x
|Ψ+>

3

|Φ+>
1,2 

 --------> I|Ψ+>
3

|Φ->
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 --------> iσ
y
|Ψ+>
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Quantum Teleportation:

Remarks:

- After teleportation, Bob's qubit will take on the state     
|Ψ>

3
, and Alice's qubit becomes part of an undefined 

entangled state. Teleportation does not result in the 
copying of qubits, and hence is consistent with the no 
cloning theorem.

- There is no transfer of matter or energy involved. 
Alice's particle has not been physically moved to Bob; 
only its state has been transferred. 

Two necessary separated procedures: 

1. Quantum Entanglement 

2. Classical communication 

 

 No “Spocky” actions :)



  

Quantum Teleportation:

Extensions:

- If we have m states system – we would need to use the 
right “rotations” (unitary transformation).

- Swapping : when particle 1 is part of an entangled 
pair: {0,1} – by teleporting the quantum information of 
particle 1 : particles 0 and 3 becomes entangled without 
even knowing each other.

-Superdense coding    

-Repeaters



  

Quantum Teleportation:

Experiments:
D. Bouwmeester, J.-W. Pan, K. Mattle, M. Eibl, H. Weinfurter, A. Zeilinger, Experimental Quantum Teleportation, 
Nature 390, 6660, 575-579 (1997).

http://en.wikipedia.org/wiki/Anton_Zeilinger
http://en.wikipedia.org/wiki/Nature_%28journal%29


  

Quantum Teleportation:

Experiments:
D. Bouwmeester, J.-W. Pan, K. Mattle, M. Eibl, H. Weinfurter, A. Zeilinger, Experimental Quantum Teleportation, 
Nature 390, 6660, 575-579 (1997).

http://en.wikipedia.org/wiki/Anton_Zeilinger
http://en.wikipedia.org/wiki/Nature_%28journal%29


  

Quantum Teleportation:

Experiments:
J.-W. Pan, D. Bouwmeester, H. Weinfurter, and A. Zeilinger, Experimental Entangelment Swapping: Entangling Photons 
That Never Interact, Phys. Rev. Lett. 80, 18,3891-3894 (1998)

http://en.wikipedia.org/wiki/Phys._Rev._Lett.
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Quantum Teleportation:

Experiments:
Y.-H. Kim, S. P. Kulik, and Y. Shih, Quantum Teleportation of a Polarization State with a Complete Bell State Measurement, 
Phys. Rev. Lett. 86, 1370 (2001)
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