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emergence of quantum information technology
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Quantum technology
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*new atomic clocks
*quantum
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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!

SEES QlP:

The qubit.

* Asingle two-state system can store a single bit
in computational basis.

%a 11T+ 10)(0 1)

* Superpositions are allowed
— the qubit.
1

‘E(u)im))

26/09/2013



Entanglement

Superpositions:

Yy=11+11)

Superposed correlations:

Yy =1l D2+ 11l T)2

Entanglement

(pure state) [1)) # [¥)1 ® |¥)2

Hilbert space

Space explored by product states
(classical systems)

Quantum system explores whole Hilbert space — more parameters.

Opportunity €-> Challenge
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Quantum parallelism.

* Code binary string for input as an integer.
k=S2°+82"+..+82"" : (k=0,1.2"")
* Quantum Turing Machine.

f : l k>input®| 0> output — l k> input® l f(k) >0utput

* Quantum parallelism

2 N-1 2N-l

f : E l k)input® l O)output — E l k>input® | f( k)>0utput
k=0 k=0

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)

S QIP:




Separability

Separable states (with respect to the subsystems
A B, C,D,...)
p=) pirs ® Pl ® py ® php ® ...
i
Everything else is entangled

eg. ) = LQ(|01> — [10))

Entangle and Imperial?

* “Isit 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

Schradinger coined the term “entanglement” in 1935

*  "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."

* Schrodinger (Cambridge Philosophical

Society)

* for bipartite systems there are four important basis states

— The Bell states

[y =5 (0. =) ).)
() == (1), + [0, 1))
@) =5 (1), =101, )
@) =5 (1), +[ 0,8, )

— Braunstein et al. PRL 68, 3259 (1992)

« States maximally violating Bell’ s inequality

Bell
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( Entanglement for pure states

e For “Quantum businesses” such as
— Quantum Computation
— Quantum Teleportation
— Quantum Cryptography ...
quantum mechanical entanglement is a key issue.

Entangled states are the states that can not be written in
the product of states

[¢4) ® |6B) ® - R |¢z)
i.e. inseparable

e Maximally Entangled States (MES):
For two spin 1/2 particles (Bell states)

|6) = J5 (10)[0) £ [1) 1)),
[%) = 75 (10) 11) % |1) |0)).

For many spin 1/2 particles, for example,

6%} = 25 (10) [0} 0) - - - [0) £ 1) 1) [1) - - - 1))
(GHZ state for three particles)

\. y.

Imperial College London

purity. . . and the reality

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

Local preparation

¥ J

Noisy channel

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 of Mixed States w

e Effects of the environment cause decoherence...

Pure state Mixed state

e Our definition of entanglement of mixed States:
The density matrix of a mixed state p is disentangled
—ifitcan be writtenas p = S p;pf @ pP @ - - @ pP
— If it can not be purified by local operations
and classical communications
= Otherwise, p contained some entanglement.

Entanglement measures for mixed states:
— Entanglement of Formation
— Horodecki’s measure for two particle entanglement

L — Relative entropy of entanglement
15 o

Entanglement p = pali)(il @ k)|

ijkl

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: [;- 3 00,190, 0)

Peres Criterion [a. peres physrevier 77, 1413 19961 If the partial
transposmon of its dens1ty matrix

P =10 T(p) = Y pali)(il @ (1K) ()" Zp ) {5l @ 1) (K]

ijkl

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

For example,

= L (1)0)+|o)n)
correlation and nonlocality?
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A state p is disentangled (separable) if it is of the form

f= Zmpfq ® pls

where Y p; = land p; > 0.

Example of maximally entangled states are Bell states
[wE) = |o1) + [10)
&%) = |00) % |11)

which all violate the standard Bell inequalities.

But what about the Werner States?

p= PV |+ (U |+ o) e+ o) (@)

o F' > 1/2 states violate Bell's inequality.

e F' < 1/2 states don't violate Bell’s inequality, but can
be purified to a state that does.

Central Question:
Which states contain entanglement and how much?

L N

e Conditions for a Measure of Entanglement

E1. E(o) = 0iff o is separable.

E2. Invariance under local unitary operations | i.e.

Blo)= BUa8UsoU o). |

E3. The measure of entanglement (o) cannot increase
under LGM+CC givenby > V/'V; = I, ie.

S trlos) Bloifr(on)) < B(o),

where 0; = Vl-chl-T.

The origin of the conditions:
1) Separable states are disentangled,
2) Local unitary transformations represent a local change of

basis only and leave quantum correlations unchanged.

3) Any increase in correlations due to a purification protocol
should be classical in nature and therefore entanglement
should not be increased.

o S
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Entanglement measures

Vedral, Plenio, Riopin, Knight, Phys. Rev. Lett. 78, 2275 (1997)
Vedral, Plenio, Phys. Rev. A 57, February (1998)

Define measure of entanglement as:

2l = e D(a]|p)

Use the relative entropy as a measure of distance
D(ol||p) = tr{ocIno — olnp}

= Relative entropy of entanglement.

. J

20

Figure 2.1: The set of all density matrices, 7 is represented by the
outer circle. Its subset, a set of disentangled states D is represented
by the inner circle. A state o belongs to the entangled states, and
p* is the disentangled state that minimizes the distance D(a||p), thus
representing the amount of quantum correlations in o. State p', ® pj
is obtained by tracing p* over A and B. D(p*||p%, ® pj) represent the
classical part of the correlations in the state o.

26/09/2013
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Measures of entanglement: s

decomposition- Ekert & PLK Amer J Phys 63, 415 (1995)

Bipartite pure states:

bap) = oilas)|ép:)  Schmidt

decomposition

Positive, real coefficients

Za?zl
i

*The original reference is E.Schmidt, “Zur Theorie der linearen und nich-
Entangled quantum systems and tlincaren Integralgleichungen,” Math. Annalen 63, 433-476 (1906), in the
context of quantum theory see H. Everett III, “The theory of the universal

Artur Ekert FR ;
Merton College and Physics Departmeni, Oxford wave f_uncuon, in The A'-iany-World lnlerprelar_lon of Qua_ntum_ MechAan-
ics, edited by B. S. DeWitt and N. Graham (Princeton University, Princ-
Peter L. Knight® eton, 1973), pp. 3-140, and H.Everett III, ** ‘Relative state’ formulation of
Fakultat fur Physik, Universitat Konstanz, D-775( quantum mechanics,” Rev. Mod. Phys. 29, 454-462 (1957). A graduate
(Received 20 June 1994; accepted 31 Octobe level textbook by A. Peres, Quantum Theory: Concepts and Methods (Klu-
: : . wer, Dordrecht, 1993), Chap. 5 includes a brief description of the Schmidt
Quantum systems comprised of interactin; gecomposition. Modern application of the Schmidt decomposition can be
"‘d"’id“al. idcnl?ties become entangled. Thit found in H. Huang and J. H. Eberly, “Correlations and one-quantum pulse
d.ecomposmon. in which a pair of preferred 0 shapes in photon pair generation,” J. Mod. Opt. 40, 915-930 (1993); S. M.
tight correlations between two quantum subs) Bamnett and S. J. D. Phoenix, “Information theory, squeezing and quantum
can be exploited to shed new light on enta correlations,” Phys. Rev. A 44, 535-545 (1991); S. M. Banett and S. J. D.
attention to two-mode squeezed states and to ¢ Phoenix, “Bell’s inequality and the Schmidt decomposition,” Phys. Lett.

A 167, 233-237 (1992), and in Ref. 7.

Measures of entanglement

Bipartite pure states:

bap) = oilas)|ép:)  Schmidt

decomposition
Positive, real coefficients

Reduced density operators

pa = trB(PAB) — Za? |1/)A,i><1/)A,z'| Same coefficients
7

Measure of
mixedness

pp = tralpas) =Y o}|¢p:){(d5,il

Unique measure of entanglement (Entropy) Phoenix & Knight,
S(pa) = S(pp) = —Y_of log(a?)  imasmrmviet it
i

26/09/2013
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Example

¢ Consider the Bell W’)
state:

(|01) 10))

3!

This can be written as:

w) = [7<|o> 1) f<|o>+|1>>}

1
Y [ﬁ<|o>+|1>>ﬁ<—|o>+|1>>}

Si- sl

1 1 1 1
So a1 =ag = % and S = —ilog (2> — ilog (2) = log(2)

Maximally entangled (S is maximised for two qubits)

“Monogamy of entanglement”

Measures of entanglement

Bipartite mixed states:

» 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)

Entanglement of formation
Ep(p) =min ) _ p;i S(pa,)
1

S(pa)  von Neumann entropy

Minimum over all realisations of: paB = ij |1/1j>(1/1j|

26/09/2013
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(
m e a S u r- e S Conditions for Measures of Entanglement [5]

~N

E1. E(o) = 0iff o is disentangled.

E2. Invariance under local unitary operations, i.e.

| E(0) = B(Us®Upo U} @ Uf). |

E3. The expected entanglement can not be increased
with LGM+CC+SS. That is

g

Etr(ai) E(m) < E(o),

whereo; = A; @ B,rrA‘t ® Bf.

The origin of the conditions:

2) Local unitary transformations represent a local change of
basis only and leave quantum correlations unchanged.

3) Any increase in correlations due to a purification protocol
should be classical in nature and therefore entanglement
should not be increased.

[5] V. Vedral, M.B. Plenio, M.A. Rippin, and P.L. Knight, Phys. Rev. Lett. 78,
2275 (1997)

25 \

.

' entropy
o BoltzZmann 5¢n¢m‘izaﬁo\1

5: -T\'{f!ﬂf}
o densi ods focpus fo classical densi
et e flodie & i oo
P= Z R lk><id

obabil‘ut{ of |k in 4he ' wixfure’

— ensemble of similar 9’%

— additional uncertainty over and
above {hose nquinb by q.m.

'PW¢ stake f: “‘)(k' — omb unarfainties fvom 9-m.

= pure state S =0
—wmixed stafe S 70
. measuvre disorder above that hevent n g-m.

* dynamics?

26/09/2013
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entropy and dynamics
e .‘3 sovcmea b_t, unitary fime evelution, so eiqenvalues
of § ot constant ; afso frue for any f(f)

—_— S = constant

¢ but subsystems ; yeduced deusit ator,
bo be igored - bipiaihiaticd

Fare1 = Vel fﬂ
ho 'longer geverned hj Unl(wj 4ime evoletion

S (f»\m) = ‘T"Ats] { fAm fn fAmg f-be,:m}mf
¢ non-additive
S * SA -+ Sg

— trace Was Savown away A, B correlafions

Araki - Lieb £hesrem

Is (fA)-S(fB)I ¢S <€ S(Pa)+S(Pe)
* if whole system prepared in o pure state, S:=0
> S ()= S(fe)

* consequence of Schmidt..-

26/09/2013
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Shannon ew&m‘:7
S = - ; P Anp;

« measures Uncertainty in a diskribution

x X

+ defined with vespect fo an cbservable
« measvre of Slucfuafions in that cbservable :basis bertnben(:

S (fager oA[ﬂ\ = -?*EN { (fare) xo [BE)

A x b ( )“
Onace RIS = «(Fl(e&(pzfﬁm “rpﬂ}

(Pace)wureg = <% Pace; lxTET>

ewﬁ_my:) and uncerfainty

e

04 Gg -- Qn A
Q

Frobqtili% distribution of voriable A
S = -k 2 P logp
i
Smax = ‘QﬂN For p;=4/N
swﬁn =0 Sor Pisk';‘a?i*k:o
‘Smho( "S_,f-md = informaftion Sa'\mb

15



entropy and quanium mechanics

« yvon Nevmavn

S ()=-kTrflap
éeFenbs OV\l:j on q/ua\f*um state P

fiiiil—[" = Tt

* Shavnon
density opeveter in the basis of eigenveckors

of G gWen observable A

[ et

ey
S (A= - pleg

E.nf.an_c)(eme“\—_

[ud [v>

v =2 €y lwH® >
Y

. Subsﬂs%em aens‘tfg opercdor

WPYy=cg luO® W Y+ Cxlu?®W02d

WLy W)

«in qeveral j’szp FuO®Ffs ¢ U and & are enhv:s‘eb

26/09/2013
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Corvelations
Pasf. conmd‘w‘di‘

A Vad N P
Au Bv_’ Aﬁ@ @BV
* two observabies A.. amw ’AB‘,. are covrelafed

for a given quankum skake ? i

<Au @ ﬁv) * <Au><éw>
T[pALES + (Tf,A)(WEB,)

Enhms(ement ov Covvelation?
1o ¢M:dvg‘¢m¢nk, no correlafion

£=fu®F v-"‘?[f Au Q%A“'T'[f“@f"'ﬁ"s AA
=T (S Auo B (b (7, g5,
Entanglement
/

no covrelation correlation

¢q: the EPR stafe
Y= H(IYelid- 1hein)
obsewables O amd O~ are corvelated
but G amd &2 ave ot

corvelafions—s enfanglement
entangfement =L corvelations

17



Perfect Correlation

ei fue
g s
no aesmer«y

Com you predict value of Ay given value of %,7
Vi, probobitity P (041b;)= P (@i,5))
P &)
P (@i [b;)=1— p (45,55)= P (b)) = L p(ax,p;)
=P @b;) 8,

a4

L1 b,
Q, by
Qu —bu

States for Perfect Covvelations

* £o have Perfv& correlafions bebtween Ay avd B,
kotal system should be in Skofe

f g‘:Zk' fik \'L\;)('Lhn\@ U3 <l

Agludzaudy By luo=be v
¢ Given ?, can we always dacompese & like His?
not a(wuﬁs,bot when tokal Sasfcem is in a pore
state P2 =, then its possible, and there
@xst pevfectly correlated obsevables
‘Schmidt: _
wy= 2 T;5 (Tey® 057= Zk; C Uy ® Wiy
M|

£ =lpy<wl= 3 i [ud<ud® (U<e
ik
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Qubits & Quantum Registers

Classical Bit Quantum Bit
Oor1 » Oor1or g
Classical register Quantum register

-

000 001 010 0M
100 101 110 1M1

101 »

10110101

26/09/2013

19



26/09/2013

Hilbert space

If could control 1400 qubits
could access 21400 stat
there are parti

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).

Which quantum technology ?

Quantum
Processor

X ® CQc Oxford
7 D{0]0]| @
& Quantum _

Transport Group
Delft University of
Technology

@ ENS Paris

® CQcC Oxford @ T.Fujisawa, NTT Basic Research

20
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Classical random walk on a line

1. Start at the origin. (discrete space and time)

2. Toss a coin, move one unit right for heads, left for tails.

3. Repeat step 2. T times.

4. Record current position, -7 <z <T.

Repeat steps 1. to 4. many times — prob. dist. P(z,T"), binomial

standard deviation (z2)1/2 = /T

.—»—4—0—4—&%—&—0—&—0

-9 -8-7-6-5-4-3-2-101 2 3 4 5 6 7 8 9

Quantum Quincunx

* Head for L, Tail for R:
|[heads)|0) [tails)|0)

!
@ o .
|heads)|left) Itails)|right)

Iheads) 4 |tails))|0)

1/
/.\
12<|heads)|left> + [tails)|right))

vl

N

21
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Symmetric walk

Jx? C;“ad): 1.) 11
1 V2 121
z4r
H ¢ :
:
3 H
3 >
i 4 A
3 H
" k

8667000 .00 2000 1000 0 _ 1000 2000 3000 4000 5300
Pariicle position

FIG. 1: Probability distribution for a walk on a line after 5000 steps. Ouly even positions are

shown since odd positions are unoccupied. Hadamard coin, symmetric |R,0) + 4L, 0) initial state.

Decoherence: walk on line (Kendon & Tregenna

0.06 . : . T ; : .
0.04
0.02

Li
P I

0.06

=
g

L
P I

article distribution

Y ] 1 s 4
-100 -50 0 50 100
particle position

I. 1
B0 150 150 200

FIG. 1: Distribution of the particle position for a quantum
walk on a line after 7' = 200 time steps. Pure quantum (dot-
ted), fully classical (dashed), and decoherence at rate shown
on part of system indicated by key (solid). Uniform distribu-
tion between —T'/v/2 < & < T/+/2 (crosses) also shown.
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Beating Nature?

nature Vol 446|12 April 2007 |doi:10.1038/nature05678

LETTERS

Evidence for wavelike energy transfer through
quantum coherence in photosynthetic systems

Gregory S. Engel"?, Tessa R. Calhoun'?, Elizabeth L. Read'?, Tae-Kyu Ahn"?, Tomas Mancal'*t,
Yuan-Chung Cheng"?, Robert E. Blankenship>* & Graham R. Fleming'?

quantum coherence in photosynthetic complexes have been pre-
dicted'*" and indirectly observed'’. Here we extend previous two-
dimensional electronic spectroscopy investigations of the FMO
bacteriochlorophyll complex, and obtain direct evidence for
remarkably long-lived electronic quantum coherence playing an
important part in energy transfer processes within this system.
The quantum coherence manifests itself in characteristic, directly
observable quantum beating signals among the excitons within the
Chlorobium tepidum FMO complex at 77 K. This wavelike char-
acteristic of the energy transfer within the photosynthetic complex
can explain its extreme efficiency, in that it allows the complexes to
sample vast areas of phase space to find the most efficient path.
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