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Basic notation
e Qubit: |w)=a|0)+b|1)
0)=|z+).|1) =]z-)
e Notation for many qubits:
D®|1)=[i),[1), =[1)] 1) =]i})

e Operation on qubits: A®B([i)®|]))=Ali)®B]|j)

e Notation for operation: A® B= AB,
e EX) A®I =A



Basic Operation(l)
- |
e Single qubit operations: X ,Z, H

X[0)=[1), X|1)=|0)
Z|0)=[0),Z|1)=—|1)
H\0>=%@(\0>+\1>)’H\1>=}/\@(\0>—\1>)



Basic Operation(ll)
-

e XOR-gate
100) — | 00)
a0y o)
Usor|[1)] 1) =[1)[1 @ )= - 10) — [12)
11) — |10)

e Universal gates:1-qubit operations+ XOR



Entanglement(pure state)
c

e Separable State: |¥)=
e Bell states: R

W1>A®‘W2>B @

0),10); £[2),12), )



Entanglement(mixed state)
c

e Separable state: o= Z po’®p° @I p =0

e Entanglement ?
e Entanglement measure: E(v),.)=S(p,)



Non-locality of entangled state
-

e Non-local correlation:
)= (122 )e -2z ),)

2

:%(|n+>A|n_>B_|n_>A|n+>B)

e Classical correlation): |z+),|z-),
correlation = entanglement

e Entangled state correlation local
hidden variable theory !



Non-locality of GHZ-state
-

o GHZ-state: |GHZ>:%(|O>A|O>B|O>C_|1>A|1>B|1>C)
e |ocality:

A_B __C — mem; :1
orcPo|GHZ) = +|GHZ) m,m,m,
o,0,0,|GHZ)=+|GHZ) memymy =1
chotof oz -+loHz)  mnint -3
Gfgfgxc GHZ> = GHZ> ”f”fmf =-1




Quantum Cryptography(l)
-

e Secret Key: {4}

o - {Y}

o - {X =Y ®Z}

Secret Key /1 1/1/0 1/0|01 O

e Cf) Public key



Quantum Cryptography(ll)
-

e How to share secret key?




Quantum Cryptography(lIl)
G

e EPR-state: |\P‘> :%0 z+),|z-), —|Z—>A|Z+>B)
1

== (X)X e XDl xe), )

Z|X|X|z|z |[X|X|z|X Z
++ |+ == [+ |- |=|F |-
X|X|z|z|z |X|Z |z |X|X
=+ |+ — |+ —

Secret Key &0|®1]|1 |0 @10 ®




Quantum teleportation(l)

unknown qubit

Alice
1 2\ entangled state
® O---\ ogedstats

S 1
Bell measurement /™ cjassical channel

(2 bits)

e Unknown qubit: |y), =a|0) +b|1),
e Bell states: %)

(19). 12, £[1,[0). )



Quantum teleportation(ll)
o]

e Calculation:

=), (al1), -b|0),
+—]o7), (a1, +b[0),)
-] w), (-alo), +bj),)
+—]o7),, (~al0), bl )




Quantum teleportation(lll)
o]

o Fidelity: F=|(y|p|y)

e Classical teleportation:

(1-bit& F = 24) or (o-bit& F =1)



Quantum Computation
-

®
Computer Quantum Computer
|nformation bit qubit
Implementation electric 2-level system
revershility Irreversible reversible
gate gpatially aranged time orderd




S
e Reversible operation: U |x)|0)=|x)| f (X))

. - U]y =x]y® f ()

e Quantum Parallelism:

U, (22]%))[0) =D [%)] (%))



Quantum algorithm
S

e Shor’s factorization algorithm:

S| (%)) —2ET

e Grover’s search algorithm:

DX F(x)y > a=f(x):%?

e Deutsch’s algorithm :
> [x)| f (%)) — constant ?valence?




Quantum Error Correction

.
e Classical code: 0, =000,1, =111

e Quantum code: |0), =|¥o).|1), =|v1)
e Original information: |w)=a|0) +b|1),
e Quantum error: U;rror =a;li + B X + 1,4 +0, X L

Ueror ‘W>:ai|i ‘W>+ﬂixi ‘W>+7izi ‘W>+5ixizi ‘W>



Implementation
-

1)
2)
3)Universal gates
4)



Parametric Down Conversion
« /"7

e Bell state: |\P>=i(IH1,V2>+ei“|V1,Hz>)

J2

Entangled-state
emission directions

ordinary



Cavity Q.E.D.

e Hamiltonian: H=ha)egaz+ha)(a+a+%j—i%f(X)(ma—Ua+)
e Interaction: |e0)<[g,)

\e0>—>—(\e0> 9.2) "'1
(0 +a )0 '

2

%%(|e,0,g>+|g’o’e>)



N.M.R.
<

e Hamiltonian: Za)i |, + 227,3” . +{Za)| il
[ 1] i




Conclusion
« /"7

e Quantum Communication
e Quantum Computation
e Implementation
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