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Components grow smaller exponentially emergence of quantum information technology 

*quantum registers 
*new atomic clocks 
*quantum 
communications 
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Computation = physical process 

Hardware obeys the laws of physics- 
but nature is quantum mechanical 
 
So what would a quantum computer look 
like? 

“Computers of the future may weigh no more than 1.5 tons” 

Popular mechanics, 1949! 

The qubit. 

•  A	  single	  two-‐state	  system	  can	  store	  a	  single	  bit	  
in	  computa>onal	  basis.	  

	  
	  
•  Superposi>ons	  are	  allowed	  

–  the	  qubit.	  
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Entanglement	  

•  Superposi>ons:	  

•  Superposed	  correla>ons:	  

•  Entanglement	  
•  (pure	  state)	  

Hilbert space 

Space explored by product states  
(classical systems) 

Quantum system explores whole Hilbert space        more parameters. 
 
Opportunity ßà Challenge 
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Quantum parallelism. 

•  Code	  binary	  string	  for	  input	  as	  an	  integer.	  
	  
	  
•  Quantum	  Turing	  Machine.	  
	  
	  
•  Quantum	  parallelism	  

  k = S12
0 + S2 21 +…+ SN 2N !1 :  (k = 0,1...2N!1 )

f :  | k! input" | 0! output #  | k! input" | f (k)!output

f :  | k!input" | 0!output
k=0

2 N-1

# $  | k !input" | f (k)!output
k= 0

2N-1

#

Initial Ideas - quantum more powerful than classical 
Benioff (82), Feynman (84), Deutsch (85) 

Quantum Parallelism - oracles, Hadamards... 
Deutsch-Jozsa (92)/ Bernstein-Vazirani (93) / Simon (93), EKERT 

Quantum Factoring and Searching- explosion of interest 
Shor (94), Grover (95) - and recently on quantum walks 

Physical Implementations- hardware, gates, decoherence 
Cirac-Zoller (94), Wineland, Kimble, Haroche, Blatt, Steane, Hinds, 
Rarity, O’Brien…. 

Error Correction- the conquest of decoherence 
Shor (95), Steane (96) 
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Separability	  

Separable states (with respect to the subsystems  
A, B, C, D, …) 

 

 

 

Everything else is entangled 

   e.g.  

Entangle	  and	  Imperial?	  
•  “Is	  it	  local	  trouble?	  
•  Lets	  just	  say	  we’d	  like	  to	  avoid	  any	  Imperial	  
entanglements.“	  

•  Dialogue	  between	  Han	  Solo	  and	  Ben	  (Obi-‐Wan)	  Kenobi,	  
Star	  Wars	  Episode	  IV-‐A	  New	  Hope	  
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History	  

•  "When two systems, …… enter into temporary physical interaction due to 
known forces between them, and …… separate again, then they can no longer 
be described in the same way as before, viz. by endowing each of them with a 
representative of its own. I would not call that one but rather the 
characteristic trait of quantum mechanics, the one that enforces its entire 
departure from classical lines of thought. By the interaction the two 

representatives [the quantum states] have become entangled."	  	  
	  

•  Schrödinger (Cambridge Philosophical 
Society) 

Schrödinger coined the term “entanglement” in 1935 

12 

•  for	  bipar>te	  systems	  there	  are	  four	  important	  basis	  states	  
–  The	  Bell states	  

–  Braunstein et al. PRL 68, 3259 (1992) 
•  States maximally violating Bell’s inequality 

Bell 
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Imperial College London 

purity. . . and the reality 

A	
 B	
Weakly entangled state 

Noisy channel 

Local preparation 

We need a pretty pure nonclassical states as a resource for quantum 
information processing. Decoherence will degrade entanglement...... 

Can we quantify the degree of entanglement? 
Can Alice and Bob ‘repair’ the damaged entanglement? 
Can we purify/distil impure states to improve the resource?  
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Entanglement 
•  If a system of two (or more) particles is not represented 

by a weighted sum of product states, the particles are 
said to be entangled: 
 

•  Peres criterion [ A. Peres, Phys.Rev.Lett. 77, 1413 (1996) ] If the partial 
transposition of its density matrix  

•  has a negative eigenvalue, the state is said to be 
entangled. 

•  For example, 
 

•  correlation and nonlocality?  
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19	  

20	  
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Measures	  of	  entanglement:	  Schmidt	  
decomposi>on-‐	  Ekert	  &	  PLK	  Amer	  J	  Phys	  63,	  415	  (1995)	  

Bipartite pure states: 

Schmidt 
decomposition 

Positive, real coefficients 

Measures	  of	  entanglement	  
Bipartite pure states: 

Schmidt 
decomposition 

Positive, real coefficients 

Same coefficients 

Measure of 
mixedness 

Reduced density operators 

Unique measure of entanglement (Entropy) Phoenix & Knight, 
Annals of Physics (N.Y.) 186, 
381 (1988)	
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Example	  

•  Consider	  the	  Bell	  
state:	  

This can be written as: 

Maximally entangled (S is maximised for two qubits) 

“Monogamy of entanglement” 

Measures	  of	  entanglement	  
Bipartite mixed states: 

Entanglement of formation 

von Neumann entropy 

Minimum over all realisations of: 

•  Average over pure state entanglement that makes up the mixture 

•  Problem: infinitely many decompositions and each leads to a different 
entanglement 

•  Solution: Must take minimum over all decompositions (e.g. if a 
decomposition gives zero, it can be created locally and so is not entangled) 
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measures	  
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Qubits & Quantum Registers  

0 or 1 0 or 1 or    0   1 

Classical Bit Quantum Bit 

Classical register Quantum register 

101 
000  001  010  011 
100  101  110  111   
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Hilbert space	


Space explored by product states 	

(classical systems)	


Quantum system explores whole Hilbert space        more parameters.	

Situation for mixed states less well understood (Entangled and disentangled systems have 
same number of parameters).	


If	  could	  control	  1400	  qubits	  
could	  access	  21400	  states,	  more	  than	  
there	  are	  par>cles	  in	  visible	  universe	  
Economy	  of	  resources!	  
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Quantum Quincunx 

•  Head for L, Tail for R: 

Superposition of heads 
and tails goes to 
superposition of left and 
right: interferences! 
Deterministic? 

Chose symmetric initial 
state… 

n  Quantum superpositions with coin flip: 
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Symmetric walk 

Decoherence: walk on line (Kendon & Tregenna 
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Beating Nature? 
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