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What is a quantum computer/machine?

A computer with quantum bits (qubits),

... and working in a fundamentally different way.
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What is a quantum bit (“qubit”)?

A quantum-mechanical two-level system,

... which should be controllable.
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Qubits should interact with each other in a controllable way!

HQC =
∑
i

1

2
Bi · Si +

∑
i<j

1

2
J⊥ij

[
S+
i S

−
j + S−i S

+
j

]
+
∑
i<j

JzijS
z
i S

z
j

3



How different is a qubit from a classical bit?
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How does a quantum computer work?
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Elementary Gates

• Hadamard gate
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1√
2
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• Pauli-X,Y,Z gates
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• Phase gates
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• controlled-NOT, controlled-Z, controlled-phase gates
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• Swap gate
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What is quantum computation?

And how can you implement it physically?
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10



Why is it faster? Or is it faster?

Deutsch (1985) Problem:

“Can we know whether f(x) is constant or balanced by

running the black box only once?”
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Quantum parallelism

For computational basis state (|x〉 , |y〉 = |0〉 , |1〉),

Uf : |x〉 |y〉 7→ |x〉 |f(x)⊕ y〉
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For superposition states, |±〉 ≡ 1√
2
(|0〉 ± |1〉),

|+〉 |−〉 =
1

2
(|0〉 |0〉 − |0〉 |1〉+ |1〉 |0〉 − |1〉 |1〉)

Uf : |+〉 |−〉 7→
1√
2

[
(−1)f(0) |0〉+ (−1)f(1) |1〉

]
⊗ |−〉

= (−1)f(0)

|+〉 |−〉 , f(0) = f(1)

|−〉 |−〉 , f(0) 6= f(1)

Experimental demonstration

by Chuang et al. (1998) using NMR.
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So, WHY is it faster?

(Or, what is “quantum parallelism”?)

f(a |0〉+ b |1〉) := a |f(0)〉+ b |f(1)〉

14



Is it always faster?

No!

There is only one quantum algorithm (Shor’s factorization

algorithm) that is known to be exponentially faster than any

classical algorithm.

Shor (1994)
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What will quantum computers be good at?

These are the most important applications currently known:

• Cryptography – perfectly secure communication.

• Searching, especially algorithmic searching

(Grover’s algorithm).

• Factorization of large numbers (Shor’s algorithm).

• Simulations of quantum many-body systems.
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Is it possible to build a quantum computer?

Quantum computers have already been built,

and are working “properly”. But, ...
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Why don’t we use the quantum computers?

Currently working quantum computers only have less than

10 qubits.

18



What makes it difficult to build a practical

quantum computer?

Decoherence!

Without coherence, qubits behave just like classical bits!

No quantum parallelism! No entanglement!
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What is “decoherence” (“dephasing”)?
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What is entanglement?

A quantum state whose wave function cannot be written as

a product of individual wave functions:

|↑〉 ⊗ |↓〉 separable ,

(|↑〉+ |↓〉)⊗ (|↑〉 − |↓〉) separable ,

|↑〉 ⊗ |↓〉+ |↓〉 ⊗ |↑〉 entangled!!
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And, what is special about it?

Non-locality!

• Einstein et al. (1935)

• Bell (1965)
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What is it useful for?

• Quantum computation – it is generally believed that en-

tanglement is essential for the exponential speed-up.

• Cryptography (key distribution, etc.)

• Quantum teleportation
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What is “quantum teleportation”?

• Goal. Can we use classical information to realize trans-

mission of quantum information? Say, Bob has a qubit,

but he doens’t know its state. There’s no quantum

channel available.

• Problem. Bob cannot measure his qubit; single measure-

ment on a single qubit does not give any information of

the quantum state.
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B.E. = Bell entangler

B.M. = Bell measurement

U = 1A, σxA, σyA, or σzA
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At time t = t1, an entangled pair is prepared and shared

between Alice (A) and Bob (B):

|φ+〉AB =
1√
2
{|0〉A |0〉B + |1〉A |1〉B}
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At time t = t2, Bob has a particle C in an unknown state

|ψ〉C = a |0〉C + b |1〉C .

The total wave function at this moment is given by

|Ψ〉ABC = |φ+〉AB ⊗ |ψ〉C

|Ψ〉ABC =
1

2

|ψ〉A ⊗ |φ+〉BC + σ1 |ψ〉A ⊗ |ψ+〉BC

+ (−iσ2) |ψ〉A ⊗ |ψ−〉BC + σ3 |ψ〉A ⊗ |φ−〉BC

 ,
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At t = t3, Bob performs a Bell measurement. Then the

total wave function collapses to one of the four states with

equal probability

|Ψ〉ABC = |ψ〉A ⊗ |φ+〉BC
|Ψ〉ABC = σ1 |ψ〉A ⊗ |ψ+〉BC
|Ψ〉ABC = −iσ2 |ψ〉A ⊗ |ψ−〉BC
|Ψ〉ABC = σ3 |ψ〉A ⊗ |φ−〉BC

Bob tells Alice of his measurement result.
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How different is it from classical FAX?
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Where can I get more information about quan-

tum computation and quantum information?

Google, for “quantum computer”.

http://www.qubit.org/ (Oxford University, UK)

...
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