
• Teleportation (polarisation states)
• The general idea of quantum info. processing
• Grover’s algorithm; some mention of Shor’s
• Quantum error correction

• Teleportation (continuous variables)
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More “information content of a quantum”
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Quantum Teleportation

(And the other three results just leave Bob with a unitary operation to do)

Bennett et al., Phys. Rev. Lett. 70, 1895 (1993)

BSM

If BSM finds A & S in a singlet state, 
then we know they have opposite polarisation.
Let Bob know the result. If S and I were opposite,

and A and S were opposite,
then I = A!

singlet
states

S and I have
opposite polarisations

S I

Alice Bob
A (unknown
        state)
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Teleportation as projections
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Teleportation as projections
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Quantum Teleportation (expt)

Bouwmeester et al., Nature 390, 575 (1997)
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One striking aspect of teleportation

• Alice's photon and Bob's have no initial relationship – 
Bob's could be in any of an infinite positions on the 
Poincaré sphere.

• The Bell-state measurement collapses photon S (and 
hence Bob's photon I) into one of four particular states 
– states with well-defined relationships to Alice's initial 
photon.

• Thus this measurement transforms a continuous, 
infinite range of possibilities (which we couldn't detect, 
let alone communicate to Bob) into a small discrete set.

• All possible states can be teleported, by projecting the 
continuum onto this complete set.
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Quantum Information
What's so great about it?
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What makes a computer quantum?

If a quantum "bit" is described by two numbers: 
! ! ! |Ψ> = c0|0> + c1|1>,
then n quantum bits are described by 2n coeff's:
! ! |Ψ> = c00..0|00..0>+c00..1|00..1>+...c11..1|11..1>;
this is exponentially more information than the 2n coefficients it 
would take to describe n independent (e.g., classical) bits.

It is also exponentially sensitive to decoherence.

Photons are ideal carriers of quantum information-- they
can be easily produced, manipulated, and detected, and
don't interact significantly with the environment.  They
are already used to transmit quantum-cryptographic
information through fibres under Lake Geneva, and soon
through the air up to satellites.

Unfortunately, they don't interact with each other very much
either!  How to make a logic gate?

across the Danube

(...Another talk, or more!)

(One partial answer...)
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Quantum Information
What's so great about it?

If a classical computer takes input |n> to output |f(n)>,
an analogous quantum computer takes a state
|n>|0> and maps it to |n>|f(n)> (unitary, reversible).

By superposition, such a computer takes
Σn |n>|0> to Σn |n>|f(n)>; it calculates f(n)
for every possible input simultaneously.

A clever measurement may determine some global
property of f(n) even though the computer has
only run once...

The rub: any interaction with the environment
leads to "decoherence," which can be thought
of as continual unintentional measurement of n.

A not-clever measurement "collapses" n to some
random value, and yields f(that value).
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One simple example of a quantum 
speedup...
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Measure i, and Bob’s your uncle!  A single trial.
More general, sqrt{N} trials to search N elements... still pretty cool.

Shor’s algorithm: factor products of primes in poly time (break RSA?)  -> $$$
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Quantum Error Correction

In classical computers, small errors are continuously corrected –
built-in dissipation pulls everything back towards a "1" or a "0".

Recall that quantum computers must avoid dissipation and irreversibility.

How, then, can errors be avoided?
A bit could be anywhere on the Poincaré sphere – and an error
could in principle move it anywhere else.  Can we use measurement
to reduce the error symptoms to a discrete set, à la teleportation?

Yes: if you measure whether or not a bit flipped, you get either a "YES"
or a "NO", and can correct it in the case of "YES".
As in dense coding, the phase degree of freedom is also important, but you
can similary measure whether or not the phase was flipped, and then correct
that.
Any possible error can be collapsed onto a "YES" or "NO" for each of these.
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The four linearly independent errors
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Encoding & decoding

i1

i2

i1

i1⊕ i2

Notation - the controlled NOT (CNOT): In (ct) Out (ct)
00 00

01 01

10 11

11 10

err
ors

i1

0

i1

i1

i1

0

Error detection!
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Q. error correction: Shor's 3-bit code

Encode: a|0> + b|1> ⇒ a|000> + b|111>

Symptom State i1⊕i2 i1 ⊕i3

Nothing 
happens

a|000> + b|
111>

0 0

i1 flips a|100> + b|
011>

1 1

i2 flips a|010> + b|
101>

1 0

i3 flips a|001> + b|
110>

0 1

In case of bit flips, use redundancy – it's unlikely that more than 1 bit
will flip at once, so we can use "majority rule"...
! BUT: we must not actually measure the value of the bits!

And now just flip i1 back if you found that it was flipped –
note that when you measure which of these four error
syndromes occurred, you exhaust all the information in the
two extra bits, and no record is left of the value of i1!

err
ors

i1

i2

i3

i1⊕ i2

i1⊕ i3

NOTE: you could have phase errors as well as bit flips; more copies required.
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How to measure the continuous 
analog of Bell states ?

E1 + E2E1

E1 E1 – E2

X1 + X2;

P1 + P2

X1 – X2;

P1 – P2

We wish to learn about the “relative” state of two systems,
without measuring the exact state of either...

Do homodyne measurement on the outcomes, to measure
differences or sums of the chosen quadratures.
(At best, one difference and one sum.)
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How to generate the continuous
analog of Bell pairs?

X1

P1

X1 is well known

X2

P2

P2 is well known

E1 + E2  = E3E1

E1 E1 – E2   = E4

X3 + X4 = X1 is well known.
P3  – P4 =P2 is well known.
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Continuous-variable teleportation

"Unconditional quantum teleportation," A. Furusawa, J. Sorensen, S. L. 
Braunstein, C. Fuchs, H. J. Kimble, and E. S. Polzik, Science 282, 706 (1998).
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A good excuse for a junket!
(light teleported over 144 km)
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SUMMARY

(Cartoon stolen from Jonathan Dowling)
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