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Nature’s two ways
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What it’s all about :
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Why it all works:
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Why it all works :
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Polish poker

• I, Polish visitor to Moscow, meet you, 
Russian guy, in bar ;  we get drinking

• I suggest you put  ₱1  on the table &              
think of number between  0 , 20

• I put down  ₱10  & ask your number

• You say (e.g.)  “17”

• I say (e.g.)  “3”  and  take all the money

thanks to Marek Żukowski, Gdansk
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Distance no worries for spooky particles

Stephen Pincock

ABC Science Online

Friday,!8!December!2006

A message sent using entangled, or spooky, particles of light has been beamed across 

the ocean (Image: iStockphoto)

Scientists have used quantum physics to zap an encrypted message more than 140 kilometres between two Spanish islands. Professor Anton 

Zeilinger from the University of Vienna and an international team of scientists used 'spooky' pulses of light to send the message. They say this is 

an important step towards making international communications more secure. Zeilinger described the study this week at the Australian Institute of 

Physics meeting in Brisbane. The photons they sent were linked together through a process known as quantum entanglement. This means that 

their properties remained tightly entwined or entangled, even when separated by large distances, a property Einstein called spooky. The group's 

achievement is important for the emerging field of quantum cryptography, which aims to use properties such as entanglement to send encrypted 

messages. Research groups around the world are working in this field. But until now they have only been able to send messages relatively short 

distances, limiting their usefulness. Zeilinger's team wants to be able to beam the messages to satellites in space, so they could theoretically be 

relayed anywhere on the planet. 

To test their system, the team went to Tenerife in the Canary Islands, where the European Space Agency operates a telescope specifically designed 

to communicate with satellites. Instead of pointing the telescope at the stars, Zeilinger says, the scientists turned it to the horizontal and aimed it 

towards a photon sending station 144 kilometres away on the neighbouring island of La Palma. "Very broadly speaking, we were able to establish 

a quantum communication connection," he says. "We worried a lot about whether atmospheric turbulence would destroy the quantum states. But it 

turned out to work much better than we feared." The results suggest it should be possible to send encrypted photons to a satellite orbiting 300 or 

400 kilometres above the Earth, he says. "This is our hope. We believe that such a system is feasible." The next step is to try the system out with 

an actual satellite, a project which is likely to involve the European Space Agency and others. "This is about developing quantum communications 

on a grand scale," Zeilinger says. His team expects to publish its results soon.

__ __
__
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Quantum Physics, abstract
quant-ph/0607182
From: Rupert Ursin [view email]
Date (v1): Wed, 26 Jul 2006 14:29:14 GMT   (201kb)
Date (revised v2): Thu, 27 Jul 2006 07:47:40 GMT   (374kb)

Free-Space distribution of entanglement and single photons 
over 144 km

Authors: R. Ursin, F. Tiefenbacher, T. Schmitt-Manderbach, H. Weier, T. Scheidl, M. Lindenthal, B. 
Blauensteiner, T. Jennewein, J. Perdigues, P. Trojek, B. Oemer, M. Fuerst, M. Meyenburg, J. 
Rarity, Z. Sodnik, C. Barbieri, H. Weinfurter, A. Zeilinger

Comments: 10 pages including 2 figures and 1 table, Corrected typos.
Quantum Entanglement is the essence of quantum physics and inspires fundamental questions 
about the principles of nature. Moreover it is also the basis for emerging technologies of quantum 
information processing such as quantum cryptography, quantum teleportation and quantum 
computation. Bell's discovery, that correlations measured on entangled quantum systems are at 
variance with a local realistic picture led to a flurry of experiments confirming the quantum 
predictions. However, it is still experimentally undecided whether quantum entanglement can 
survive global distances, as predicted by quantum theory. Here we report the violation of the 
Clauser-Horne-Shimony-Holt (CHSH) inequality measured by two observers separated by 144 km 
between the Canary Islands of La Palma and Tenerife via an optical free-space link using the Optical 
Ground Station (OGS) of the European Space Agency (ESA). Furthermore we used the entangled pairs 
to generate a quantum cryptographic key under experimental conditions and constraints 
characteristic for a Space-to-ground experiment. The distance in our experiment exceeds all 
previous free-space experiments by more than one order of magnitude and exploits the limit for 
ground-based free-space communication; significantly longer distances can only be reached using 
air- or space-based platforms. The range achieved thereby demonstrates the feasibility of quantum 
communication in space, involving satellites or the International Space Station 

___
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_
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Tenerife seen from La Palma (2x2x2)
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EPR (1935)                                 Einstein Podolsky Rosen

Bell (1964)
CHSH (1969)                        Clauser Horne Shimony Holt
Aspect et al. (1982)                        Aspect Dalibard Roger
GHZ (1988)                            Greenberger Horne Zeilinger

Pan et al. (2002)          Pan Bouwmeester Daniell Weinfurter Zeilinger

     and so on

2 parties 2 settings 2 outcomes  →
       m parties   n settings   d outcomes  
                   and beyond

The Scientific Story

(2x2x2)

(3x2x2)

(2x2x    )∞

this talk : 2x2xd
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Eve versus Alice and Bob

Eve chooses RED and green,  for both Alice and Bob 

Alice chooses:   x ,  X        Bob chooses :  y ,  Y

Alice and Bob want to achieve:
x ≥ y

X ≤ y       i.e.  y ≥ X 
x ≤ Y       i.e.  Y ≥ x

but also:
X  > Y

Bell poker (2x2x2)
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In each round : 

Alice & Bob  bet  ¥ 300
Eve bets  ¥ 99     
Eve gives  Alice & Bob  each a random setting (colour)
Alice doesn’t know Bob’s and vice-versa
Alice and Bob each declare a number

With only ordinary physics (“Local Realism”) at their 
disposal Alice & Bob will lose all their money 

With quantum entanglement they get very rich
even with arbitrarily large stake  (¥ 300 →  ¥ M ,  arbitrary  M < ∞)
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Y ≥ x  and  x ≥ y  and  y ≥ X  implies    Y ≥ X
Therefore:     Y < X   implies   Y < x  or  x < y  or  y < X   

Therefore:    Pr(Y < X)   ≤  Pr(Y < x) + Pr(x < y) + Pr(y < X)

Pr (Alice-Bob pay Eve )  ≤  3 Pr ( Eve pays Alice-Bob )

If only values –1 and +1 are allowed
this is Bell’s (1964) inequality !  (CHSH version; & assuming no-signalling)

If only values –d/2, –d/2+1, ... , +d/2 are allowed
this is the CGLMP (2002) inequality !  (assuming no-signalling)

Collins, Gisin, Linden, Massar and Popescu, PRL

Suppose Alice has two dice, outcomes  x, X 
Bob has two dice, outcomes  y, Y

13



Bell (1964)/CGLMP (2002);  assuming Local Realism:

Pr(Y < X)  – Pr(Y < x) – Pr(x < y) – Pr(y < X)   ≤  0

Inequalities under QM :

QM, d=2   Tsirelson (1980)

Pr(Y < X)  – Pr(Y < x) – Pr(x < y) – Pr(y < X)   ≤  √2 – 1

QM, d=∞  Gill and Zohren (2006) quant-ph/0612020, to appear in PRL

Pr(Y < X)  – Pr(Y < x) – Pr(x < y) – Pr(y < X)   ≤  1
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* Classical polytope {!p}

* Quantum convex body {!q}

* N o - s i g n a l l i n g p o l y t o p e

No-signalling affine subspace

a generalized Bell inequality

a generalized Csirelson inequality

Possible vectors of joint probabilities of settings and outcomes
in the (m party, n settings, d outcomes) set-up

The no-signalling and local polytopes,
and quantum convex body, for Bell-type experiment
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Conjectured best CGLMP state, measurements

|!〉 =
d−1∑

j=0
c j | j j〉 for certain c j ≥ 0, U-shaped

Alice chooses α = 0 or π/2

Bob chooses β = π/4 or −π/4

Alice, Bob apply diagonal unitaries e
i
jα
d , e

i
jβ
d

Alice does QFT, Bob QFT†, they measure in computational basis

Are these state and (generalized CHSH) measurements,

the best state and measurements, for CGLMP?

☐

☐
☐

☐
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d = 10 000: Schmidt coefficients of best state (wrt relative entropy)
(instead of Euclidean distance)
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Notation

Fix # parties, # settings, # outcomes

* p (x y .. | a b ..) , q (x y .. | a b ..)

probability of joint outcomes x y .. given joint settings a b ..

under classical, resp. quantum theory

* π (a b ..) probability of settings a b .. ; chosen by experimenter;
mostly: kept fixed

* p (a b .. x y..) = π (a b ..) p (x y .. | a b ..) and
q (a b .. x y..) = π (a b ..) q (x y .. | a b ..)

defines vectors !p and !q; sets {!p} and {!q}

Key facts

No-signalling affine subspace ⊃ no-signalling polytope

⊃ quantum convex body {!q} ⊃ classical polytope {!p}
# completely random point

20



Two sets of linear equality constraints, one set of linear inequalities:

Normalization; No-signalling; Non-negativity

∀ab ..

∑

xy ..

p (xy .. | ab ..) = 1

∀axbb′ ..

∑

y ..

p (xy .. | ab ..) =
∑

y ..

p
(
xy .. | ab′ ..

)
etc.

∀ab .. xy .. p (xy .. | ab ..) ≥ 0

21



* Classical polytope {!p}

* Quantum convex body {!q}

* N o - s i g n a l l i n g p o l y t o p e

No-signalling affine subspace

a generalized Bell inequality

a generalized Csirelson inequality

Possible vectors of joint probabilities of settings and outcomes
in the (m party, n settings, d outcomes) set-up

The no-signalling and local polytopes,
and quantum convex body, for Bell-type experiment
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Best experiment !q for given # parties, # settings, # outcomes, solves

sup
q

inf
p

∑

a b .. x y ..

q(a b .. x y .. ) log2
q(a b .. x y .. )

p(a b .. x y .. )

more precisely:

sup over experimental parameters: state, measurements, joint setting probabilities

inf over classical theories

computed by missing-data maximum-likelihood (Groeneboom; programs)

Changing the range of the optimization in various ways leads to

non-locality measures for states, set-ups, . . .
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The classical polytope {!p}

aka “local realism”, “the local polytope”, “local hidden variables”

∃ (Xa Yb ..)ab.. such that ∀ab..
(
p (xy.. | ab..)

)
xy..

= law(Xa Yb..)

Results of unperformed experiments exist, too

Counterfactual outcomes of nonmeasured observables
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The quantum body {!q}

∃ closed subspaces Lax Mb
y .. of Hilbert spacesH K .. such that

* ∀a (Lax)x is an orthogonal decomposition ofH
* ∀b (Mb

y )y is an orthogonal decomposition ofK
* . .

∃ ! ∈ H ⊗ K ⊗ .. ‖!‖2 = 1 such that

* q (xy.. | ab..) = ‖"Lax⊗Mb
y⊗··!‖2

25



The quantum body {!q}

∃ observables (self-adjoint operators) Xa Yb ..
such that each Xa commutes with each Yb, each .. , and

∃ a state ! such that

* q (xy.. | ab..) = ‖" {Xa=x} ∩ {Yb=y} ∩ ·· !‖2

The classical polytope {!p}

All Xa Yb .. commute

OR

There exist random variables and a probability measure . . .

26



GHZ paradox, Pan et al. experiment

Suppose X
2
a

≡ Y
2
b

≡ Z
2
c

≡ 1

Classical :

If Y2Y1 = Y1Y2 then (X1Y2Z2)(X2Y1Z2)(X2Y2Z1) = (X1Y1Z1)

So X1Y2Z2 ≡ X2Y1Z2 ≡ X2Y2Z1 ≡ +1 "⇒ X1Y1Z1 ≡ +1

Quantum :

But if Y2Y1 = −Y1Y2 then (X1Y2Z2)(X2Y1Z2)(X2Y2Z1) = −(X1Y1Z1)

So X1Y2Z2 ≡ X2Y1Z2 ≡ X2Y2Z1 ≡ +1 "⇒ X1Y1Z1 ≡ −1

This can be arranged

theoretically: GHZ

experimentally: Pan, Bouwmeester, ...
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• All faces of the  2x2xd  polytope are CGLMP faces

• The QFT measurements are optimal

• The no-signalling bound is attainable in the limit d → ∞ 

• GHZ is potentially 9 times better than CHSH ... but 
actually only 9/8  (van Dam et al. 2005)   [and actually ... ! ]

• New experiments,  new inequalities  ...

• ... 

Results :

Conjectures  (2x2xd) :
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