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“We never experiment with just one electron or
atom or (small) molecule. In thought-
experiments we sometimes assume that we
do, this invariably entails ridiculous
consequences... we are not experimenting

with single particles, any more than we can
raise Ichthyosauria in the zoo.”

Schrodinger, Brit J Phil Sci, 3, 233 (1952)
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-Why quantum information theory?

— The difference between a bit and a
quantum bit

— Two-level quantum systems
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» Lecture 1: Bit vs. Qubit

 Lecture 2: Quantum Communication

— Quantum teleportation

- Quantum key distribution, BB84 and ES1
protocols

— Entanglement as a resource
» Lecture 3: Quantum Computing
» Lecture 4: Horizons
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» Lecture 3: Quantum Computing
Quantum circuit diagrams

— Quantum algorithms: Deutsch-Josza,
Grover’s search algorithm.
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» Lecture 1: Bit vs. Qubit
» Lecture 2: Quantum Communication
» Lecture 3: Quantum Computing

 Lecture 4: Horizons

— Decoherence, scalability

What information processing tasks can be
performed with quantum systems but not
classical ones?




Information is physical!!!
R. Land Ph Joday 44, 5, p.23 (1993),
andauer, 6%5!?04g (% p.23 ( | B

Lloyd Nature 4 00)

. States of a (physical) system used to store and
manipulate information.

Processing that information depends on the physical
system in which it is encoded.

- Quantum information theory — information is encoded
iIn quantum systems.
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Why Quantum Information Theory?

» Quantum systems cannot be efficiently
simulated by classical computers (Benioff,
Feynman, 1980s).

» What else can we do with quantum systems
that is not possible classically?
— Dense coding, teleportation.

— Quantum key distribution provably secure against
attack by eavesdroppers.

— Quantum algorithms which offer speed-up over
classical algorithms.
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Optical Components

Polarising beam splitter
(PBS) —transmits one
polarisation, reflects the
other

Photo-detector (PD) —detects

light

Half-wave plate (HWP) -
introduces a phase difference of
+ 1t between orthogonal
polarisations

.;U/Zii

Quarter-wave plate (QWP) -
introduces a phase of + nf2
between orthogonal
polarisations

B/2:
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Polarisation Measurements
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Properties of Measurement Operators

Von Neumann measurement:
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Properties of Measurement Operators

Von Neumann measurement:
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Properties of Measurement Operators

Von Neumann measurement:
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Dirac Bra-Ket Notation

States represented as normalised state kets |7)in a
complex, linear vector space;

For every ket | V) there is a corresponding bra (V| in
the dual space

- The vector space has an inner product («|3), which
satisfies (a|3) = ,
Outer products |« (7 form operators on the vector
space.

Hermitian conjugate: («)(5])" = [5)(a
Hermitian operators: ' — 1

Unitary onerators Dreserve inner products:
I =ull’ = 1
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Properties of Measurement Operators
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Polarisation Measurements
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Transformation of states

+ Unitary evolution
l(t)) = U
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Transformation of states

» Unitary evolution
w(t)) =U(t)|v(0))

» Schrodinger equation
) ]
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Quantum Mechanics in Finite-Dimensions

» States represented as normalised state kets
iIn @ complex, linear vector space; |V

- Von Neumann measurement along
orthogonal directions {|i) |

» Probability of obtaining result I;

P(:|W) = [(¥]2)]°

- For a closed system, evolution is unitary
w(t)) = U(t)|w(0)

» Perfect discrimination is possible, in principle,
between mutually orthogonal states.




Entanglement

» Composite systems; Can write the state of a
joint systemas |W)ap = |@)4|0)B
» The superposition principle states that
superposition states are also allowed, at least
in principle

‘*D AB — m.'m-_."- A )’” /B T U] if} ; A )’1_ B
. These states cannot be written as a product
state, and arise due to some interaction of

the systems; after the interaction the systems
remain correlated.
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Entanglement
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Entanglement

» Composite systems; Can write the state of a
joint systemas |W)ap = |@)a|0)B

» The superposition principle states that
superposition states are also allowed, at least
in principle

" = % \ I | ! ) !
W)aB = ap|lap)a|Do)B + ar1|lar)a|01)B

- These states cannot be written as a product

state, and arise due to some interaction of

the systems; after the interaction the systems
remain correlated.
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Entanglement

- The Bell states are given by

1]'I|||_- \ B — { 1) 1 {) BT [

and are said to be maximally entangled. Note
that these states are mutually orthogonal.







Entanglement
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and are said to be maximally entangled. Note
that these states are mutually orthogonal.




Entanglement

The Bell states are given by

and are said to be maximally entangled. Note
that these states are mutually orthogonal.




P.Kwiat et al, PRL 75, 4337 (1995)




No-cloning Theorem

- Arbitrary quantum states cannot be cloned

Proof is due to the linearity of quantum
mechanics

~ Suppose there exists an operator V" such that
VIO)alyg = |0) 4]10) 5

{_l A KR = S— [ ‘1[

— Consider the action of this operator on a
superposition state

|] | —— ) I .: i |l -;:.. —+—




Super-dense coding

Suppose Alice and Bob share the entangled state

Alice can convert the shared state into any one of the
other Bell states

using only local operations
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Super-dense coding

. To encode the message <007, Alice applies the
identity operator (i.e. does nothing) to her qubit.
Similarly, to encode the messages “017, <107, or
“11”, Alice applies one of the operators

[:.; — ‘\: — It} 4 A l + 1] A A Il_i.
| Uio = £2=10)44(0]—11)4 a(]
Uip = ZX =1(1)440] —[1)4 4(0

- Alice then sends her qubit to Bob, who measures in
the Bell basis to determine the message.

- Alice can encode two bits of information by sending
only one qubit.
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Super-dense coding

. To encode the message “007, Alice applies the
identity operator (i.e. does nothing) to her qubit.

Similarly, to encode the messages “017, <107, or
“11”, Alice applies one of the operators

Uonn = X =|[0)44(1| 4+ [1)4 (0
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e = ZX =132 al0] — 1) 5 210

 Alice then sends her qubit to Bob, who measures in
the Bell basis to determine the message.

Alice can encode two bits of information by sending
only one qubit.




Deutsch algorithm

Suppose I have a black box which acts as follows

I‘r.- r|l.l — r.-'. _'j," Ilrl_“l PJJ' n

for some binary function f. I want to know whether
f(0) and f(1) are the same or different.

Classically, need to evaluate both f(0) and (1)

» What about quantum mechanically? The
superposition principle means that I can evaluate

both at the same time.

| | , :
— (10) + |1)) |0 (10X F(0)) + (1) f(]

Vv 2




Deutsch algorithm

Suppose both the target and the control are
superposition states

{)

}

If they are different, the control qubit is in the
orthogonal state g ]
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Deutsch algorithm |

- Suppose I have a black box which acts as follows
oyy — o)y 2 f(x))
for some binary function f. I want to know whether
f(0) and f(1) are the same or different.
. Classically, need to evaluate both f(0) and f(1)

- What about quantum mechanically? The

superposition principle means that I can evaluate
both at the same time.

(10% + [1)) |0 (10)| £(O)) + |1)| f(]




Deutsch algorithm

Suppose both the target and the control are
superposition states

}

| .
=1t ES () | p = (=] ()
3

3

If f(0) and f(1) are equal, the control qubit is in state
|
(3 4 11}

-‘_F.
i
E%)

If they are different, the control qubit is in the
|

orthogonal state e |

“)
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