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Is entanglement the characterist

“Entanglement is the characteristic trait of
guantum mechanics, the one that enforces its
entire departure from classical lines of thought”.

E. Schrodinger, Proc. Cambridge Philos. Soc. 31, 555 (1935).
B 0000 |




s QM complete?

MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EinsTEIN, B. PonoLsky AND N. RosEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)
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The first paper on “quantum

1935.

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe & Whola Description of
‘the Physical Reality' Can Be
Provided Eventually.

Copyright 1833 by Bcience Barvies

PRINCETON, N. J., May 3. —Pro-
fessor Albert Elnstein will attack
sclence’'s important theory of quan-
tum mechanics, & theory of which
he was a sort of grandfather. He
concludes that while it la “‘correct’™
it |s not “'‘complete.’”

With two colleagues at the Insti-
tute for Advanced Study here, the
noted sclentist is about to report to
the American Physical Soclety what
is wrong with the theory of quan-
tum mechanics, it has bsen learned
exclusively by Sclence Service,

The quantum theory, with which
sclence predicts with some success
inter-atomic happenings, does nol
meet the requirements for a satls-
factory physical theory, Professor
Elnsteln will report In & jolnt pager
with Dr. Boris Podolsky and Dr.
N. Rosen.

In the gquantum theory as now
used, the latest Einstein paper will

point out that whers two physical
quantities such as the position of a
particle and ita velocity Interact, a
knowledge of one quantity pre-
cludes knowledge about the other,
This is the famous prlnelpll of un-
ﬂmlnlr}rut forward by Professor

Werner isenberg and lnﬁngr—
ated In the quantum theory

very fact, Professor Einstein feels,
makes the quantum theory fall in
the requirements necessary for a
satisfactory physieal theory.

Twoe Requirementa Listed.

Thesa (wo requirements are:

1. The theory should make pos-
sible a calculation of the facts of
nature and predict results which
can be accurately checked by en-
periment; the theory ahouid be, in
other words. correct.

2. Moreovar, a
should., as a good Image
jective world, contaln a eounter-

tive world: that ls, It must be &
compilats A

Quantum theory, Professor Ein-
stein and his colleagues will report.
fulfilla the correctness requirement
but falls in Lhe completenecss re-
quirement.

Whils proving that present quan-
tum t does not give a com-
plete description of physical reality,
Professor Elnstein believes some
later, still undeveloped, theory will
make this possible. His conclusion

dn:ﬂptlun of the physical reality,
wa laft open Lhe guestion of whether
or not such & deseription sxists.
We believe, however, Lhat such &
theory Is poasible
The development of quantum me-
chanles has
explori

ha
for various pu—- of the ressarches
leading up to gquantum mechanies.

names of Planck, Bohr, de
lrn'lll. Helsenbery, Dirac and

Schroedinger, as well as Kinstein,
are linked with quantum mechanics.

The exact title of the Elnstain-
Podaol Rosen paper la: ‘‘Can
Quantum-Mechanical Description of
Physical Ituhtr Be Considered
Complete?*

Faplanation by Podolaky.

Tn explaining the latest view of
tha physical world as revealed In
thelr researches Dr. I’Helﬂw. one
of the authors,

“Physicists belleve that there
exist real material things independ-
ent of our minds and our theories.
We construct theories and invent
'::r:‘lt’ (such s 'llllltl'-l..

.} In an attempt to npll.ln to
ourselves what we know about our
external world and to help us ta
obtain further knowledge of it. Be-
fore a theory can be considered to
be satisfactory 1t must pass two
very savers tests. First, the theory
must enable us to ealculate facts of
nature, arid these calculations must
Agres very accurately with observa-
tions and experiments. Second, we
expect a satisfactory theory, as a
good Image of objective reality, to
contain a counterpart for avery ele-
ment of the physical world. A
theory satisfying the m'lt require
ment may called correct
theory 'hﬂ.. if it llll.llhl the sec-
ond ulrement, It may bs called
& complets theory.

“Hundreds of thousands of ex-
periments”and measurements have
shown that, at least in cases when
matter moves much alower than
light, the theory of Phanck, Eln-
stein, Bohr Helsenberg and
Schroedinger known as quantum
mechanies la & correct theory.
Einstein, Podolsky and Rosen now
discuss the gquestion of the com-
pleteness of quantum mechanics.
They nrrive at the conclusion that
quantum mechanics, In its present
form, is not romplete.

“In quantum mechanies the con-
dition of any phywsical system, such

as an electron, am atom, &e.. |a
L] be completaly de.
scribed by a formula known as a
‘wave function.' Suppose that we
know the wave function for sach
of two physical systems, and that
these two systems come togeiher,
intermact, anJd again separate (ns
when (wo particles colllde and
move apart). Quantum mechanics,
although giving us considerable In-
formation about such & process,
does not enable us to calculate the
wava function of sach physical .,...
tem after the separation. This

la made use of in showing that Iht
wave functicn does not pgive a
complete description of physical
reality. Bince, however, descrip-
tlon of physical systams by wave
functions s an essential step of
quantum mechanics, this means
that quantum mechanica |8 not a
complete theory."”

Ralssa Point of Doubt.

Apecial to Toew New Toux Trass,
PRINCETON, *N. J.. May 3.-
Asked to comment on Lhe new ldeas
of Professor Elmttln and his cobk
laborators, Professo u.
Condon, m-tmmuﬂl physicist of

Pﬂmtm University, said tonight:

“Of course, & great deal of the
argumant hinges on just what mean-

lng is to b attached to Lhe word
‘reality’ In conneclion with physics.
They have certainly discusssd an
interesting point In connection with
the theory. Dr. Einstein bas never
bean matisfied with the wsiatistical
causality which in the new theories

the strict causality of the

phyusics.

“It is reported that when he first
lsarned of the work of Schrosdinger
and Dirae, he sald, 'Dur llaber
Gott wusrfelt nicht. [the good Lord
does not throw dice). For the last
five years he has subjectad the
quantum mechanical theories to
very searching criticlsm from this
standpoint. But I am afrald that
thus far the statistical theories have
withstood criticlam.”’




EPR: QM is “incomplete”

MAY 15, 1935

PHYSICAL REVIEW

VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EinstEIN, B. PopoLsgy AND N. RosEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete,

According to EPR, any satisfactory physical theory must be:

(1) Correct.

(2) “Complete”.




EPR’s elements of reality

“If, without in any way disturbing a system, we can predict with
certainty (i.e., with probability equal to unity) the value of a physical
quantity, then there exists an element of physical reality
corresponding to this physical quantity.”




EPR’s elements of reality

“Without in any way disturbing a system” = Spacelike separation.

“Predict with certainty” = Perfect correlations.




Bohm’'s version of EPR’s argu




Bohm’'s version of EPR’s argu

XX, =-1
nY,=-1

» X, and Y, are both “elements of reality”.

* In QM, X, and Y, are incompatible observables
(Heisenberg’s uncertainty principle).

— QM is incomplete (according to EPR).
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Bell’'s theorem

No theory of local hidden variables (LHV) can
reproduce QM.

It is proven either by the violation of a Bell
inequality or by a GHZ-like example.

Any proof of Bell's theorem is state-dependent:
It is valid only for entangled states.




Bell inequalities prove the

A (loophole-free) violation of a Bell inequality would prove the
impossibility of local realism (R. Gill's definition):

(i) Realism: measurement outcomes of nonperformed
measurements can be introduced alongside of those of the
actually performed measurements.

(i) Locality: the measurement outcome at Alice’s station does
not depend on Bob’s choice of setting [because they are
space-like separated].

(ili) Freedom: Alice and Bob can perform either measurement.
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Greenberger, Horne




-GHZ’S proof of B
|GHZ>= |HHH>- | VVV>

X Y.IGHZ>=|GHZ>

X, Y.|6HZ>=|GHZ>
X, |GHZ>=|GHZ>
X XX, |GHZ>=- |GHZ>




Notation for single |

Polarization observables:

X=|H><V|+|V><H|

)/=i(|V><H|—|H><V|)
Z=|H><H|-|V><V]




GHZ’S proof of Be

GHZ:
| HHH> - | VVV>

79, =v(Y.)
v(xX:)=v(¥s)
=U(X:)

X )V(X:) =-v(X:)




GHZ’s proof of Be

GHZ:
| HHH> - | VVV>

79, =v(Y.)
v(xX:)=v(¥s)
=U(X:)

X )V(X:) =-v(X:)







X)  =v¥)
X)=v(¥:)

749,
VX IVOX) =+ v(X.)




X)  =v¥)
X)=v(¥:)

=(X.)
X IV(X:) =-(Xs)




Experimental GHZ

letters to nature

Experimental test of quantum
nonlocality in three-photon
Greenberger—Horne-Zeilinger
entanglement

Jian-Wei Pan*, Dik Bouwmeester, Matthew Danigll*,
Harald Weinfurter: & Anton Zeilinger*

* Institut fior Beperimentalphysik, Universitit Wien, Boltzeanngase 5,

109 Wien, Austria

t Clarendon Laboratory, University of Cecford, Parks Road, Qxford OX1 3PU, UK
f Seketion Physik, Ludw ip-Macinilia ns- Universitit of Mimcher, Figure 1 Eqerimental set-up for Greenberger—Home—ZzSnger (GHZ) st of quantum
.‘:'-rfaeﬂ'r'ugsrrmse 4TI, D-80799 Mimdien, Germany nanlacally. Pars of palanztion-entngled phatons™ gne phaton Hpdanzed and e

ofher V) are generated by a short pukse of utraviost Bght (— 200 &, & = 304 nm).
Obrservation of the desired GHZ comelations requires fourfald coinchdence and therafore
. twaopalirs™. The photon ragistered at Ths always Handthus its partnar in b mustbe ¥ The
I lI [}

| VY VHY VYA AR 025 | - phatan reflecied at e patarizing l::ml'nsp tier (PES) In arm a ks always ¥ being umed

0.23 nio equal superpositon of Vand Aoy e W2 plaie, and s pariner in arm b must ba K

Thues i all four detectors regisier at fe same e, the two photans in Dy and D, must
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poarizations at 0, to be defined atright angles relative tothe others . Pobarizers onented at

457 and A/4 plates in front of the delectors aliow measwement of fnear #/V" icircular

afherbod have been V' Vand reflecied by the lastPBS ar HHand tranamitied. The photon
MATURE| VL 403 | 3 FERRUARY 2000 |- RA) poarization.

at Dy wes therefore M or ¥, respacively. Both posshites are made indistinguishable by
hawing equal path kengths via a and b o 0y O and by using narmow bBandwidih filers (F
== 4 nim)) fio sretch e coherence tma toabout 500 &, substantially arger than the puise
angti™. This effectvely erases the pror comatafion infarmation and, owing to indis
tinquishanity, the free photons regisierad at Oy, D, and Dy exhibit e desired GHZ
camalations predicted by the state of equaton {1), whare for simplicity we assume he
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* Two-observer AVN proofs?




The first two-obse

Double Bell:
(|HV>-|VH>) (Jud>-|du>)

wZ)=-

X)) =-v(X.)

wXx)=v(X)

wZ) =

v(X.) =v(X.z)
X.x)=- viX.z,)

AC, PRL 86, 1911 (2001); 87, 010403 (2001).




Notation for single

Polarization observables:

X=|H><V|+|V><H]
y: |(|V><H|—|H><VI)
Z=|H><H|-|V><V]

Path observables:
x=|u><d|+|d><uUl]
y=1(]d><u|-|u><d])
Z=|u><u|-|d><d|




Four qubits in two photons

eek endi
VOLUME 90, NUMBER 16 PHYSICAL REVIEW LETTERS QS“EEFR?ULE%_?

All-Versus-Nothing Violation of Local Realism for Two Entangled Photons

Zeng-Bing Chen.' Jian-Wei Pan,"? Yong-De Zhang,' Caslav Brukner.? and Anton Zeilinger”
'Department of Modern Physics, University of Science and Technology of China, Hefei, Anhui 230027, China

2Institut fiir Experimentalphysik, Universitdr Wien, Boeltzmanngasse 5, 1090 Wien, Austria
{Received 18 November 2002; published 24 April 2003)

It is shown that the Greenberger-Horne-Zeilinger theorem can be generalized to the case with only
two entangled particles. The reasoning makes use of two photons which are maximally entangled both
in polarization and in spatial degrees of freedom. In contrast to Cabello’s argument of “all versus
nothing”™ nonlecality with four photons [Phys. Rev. Lett. 87, 010403 (2001)], our proposal to test the
theorem can be implemented with linear optics and thus is well within the reach of current experimental
technology.
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FIG. 2 Six apparatuses for measuring z;, JL{, and z; JL{ (a);
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By +, we mean *1.




Rome and Hefei experiments

k endi
PRL 95, 240405 (2005) PHYSICAL REVIEW LETTERS 9 DECEMBER 2005

All-Versus-Nothing Nonlocality Test of Quantum Mechanics by Two-Photon Hyperentanglement

C. Cinelli, M. Barbieri, . Perris, P Mataloni, and F. De Martini

Dipartimento di Fisica dell’ Universita “La Sapienza™
and Consorgio Nagionale Interuniversitario per le Scienze Fisiche della Materia, Roma, 00185 Ttaly

(Received 27 April 2005; published 9 December 2005)

We report the experimental realization and the characterization of polanzation and momentum hyper-
entangled two-photon states, generated by a new parametric source of correlated photon pairs. By
adoption of these states an "all-versus-nothing™ test of quantum mechanics was performed. The two-
photon hyperentangled states are expected to find at an increasing rate a widespread application in state
engineering and quantum information.

week endin
PRL 95, 240406 (2005) PHYSICAL REVIEW LETTERS 9 DECEMBER 2005

All-Versus-Nothing Violation of Local Realism by Two-Photon, Four-Dimensional Entanglement

Tao Yang,1 Qiang thmg,l Jun thmg,l Juan Yin.! Zhi Zhao.'* Marek Zukowski.}
Zeng-Bing Chen,"** and Jian-Wei Pan'*"

'Hefei National Laboratory for Physical Sciences at Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefet, Anhui 230026, China
> Physikalisches Institut, Universitit Heidelberg, Philosophenweg 12, D-69120 Heidelberg, Germany
*Instytur Fizyki Teoretyeznej i Astrofizvki Uniwersyter Gdanski, PL-80-952 Gdansk, Poland
(Received 4 June 2005; published 9 December 2005)

We develop and exploit a source of two-photon, four-dimensional entanglement to report the first two-
particle all-versus-nothing test of local realism with a linear optics setup, but without resorting to a
noncontextuality assumption. Our experimental results are in good agreement with quantum mechanics
while in extreme contradiction to local realism. Potential applications of our experiment are briefly
discussed.




Rome experiment




Rome experiment 2005

All-Versus-Nothing Nonlocality Test of Quantum Mechanics by Two-Photon Hyperentanglement

C. Cinelli, M. Barbieri, R. Perris, P. Mataloni, and F. De Martini

Dipartimento di Fisica dell” Universita “La Sapienza™
and Consorzio Nazionale Interuniversitario per le Scienze Fisiche della Materia, Roma, 00185 Italy
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FIG. 3 (color online). Barchart of expeclation values for the
mine operators nvolved in the experunent. The following
results  have been obimned: z; +zp = —0.89428 = 00030,
vzy = —09953 + 0.0033. z)z} * 72 * zz = 0.9424 * 0.0030,
xpcxp = —0.9215 = 0.0033, x; -z} +xp25 = 09217 + 0.0033,
x}cxh = —0.8642 ~ 0.0043 z; - x| - zoxh = 0.8039 + 0.0040,
xyx) - xp - af = 08542 *+ 0.0040. Hizbcoxl - cmg =

—0.8678 + 0.0043.
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Hefeil experiment 2005

All-Versus-Nothing Violation of Local Realism by Two-Photon, Four-Dimensional Entanglement

Tao Yzmg,1 Qiang Zhang,1 Jun Zhang,l Juan Yin.! Zhi Zhao.'? Marek Zukowski.*
Zeng-Bing Chen,'™* and Jian-Wei Pan'*"

'Hefei National Laboratory for Physical Sciences at Microscale and Department of Modern Physics,
University af Science and Technology of China, Hefei, Anhui 230026, China
*Physikalisches Institut, Universitit Heidelberg, Philosophenweg 12, D-69120 Heidelberg, Germany
3nstytut Fizyki Teoretycznej i Astrofizyki Uniwersytet Gdanski, PL-80-952 Gdansk, Poland
a Creallon and verilcalion
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Prabability Qg

Apparatusz a Apparatus b Apparatusc

FIG. | (color online), Experimental setups. (a) An ultraviolet
beam from Argon ion laser (3511 am, 120 mW) 15 directed into
the BEO crystal from opposite directions. and thus can create
photon pairs (with wavelength 7022 nm) in |'%}. Four compen-
sators (Comp.) are used to offset the birefringent effect cavsed
by the BBO crystal during parametric down-comversion. The
reflection mirrors MO and M1 are mounted on translation stages,
to balance each arm of the interferometer and to optimize the
entanglement in path. (b) Apparatuses o measure all necessary
observables of doubly entangled states. [3 is single-photon count
module, with collection and detection efficiency 26%: IF as
interference filter with a bandwidth of 288 nm and a center

wavelength of 7022 nm: Paol. 1s polarizer. Apparatus « has been
included in (a) at the locatons of Alice and Bob FIG. 3 (color online). Predictions of LR (a) and of QM (b), and
ohserved results () for the z,z/, - x4 - zpx}, « xp2}, experiment.

2-fold Coincidence in 18
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» Two-observer AVN proof with single-qubit observables?




Two-observer AV

Hyperentangled cluster:

| HuHu> + | HdHd> + | VuVu> - | VdVd>

wZ)=
=Uz)
wX.)=vxmnz)
VEVE
vz.)
y.)
X)) =v(X)
=WZ)V(x)

wy.) =-vZ)



Two-observer A

X.)=vX)nz)
== Uz)

X M(x)=" Wy.)
(x:) =X My.)

AC, PRL 95, 210401 (2005).




Rome experiment 2007

Realization and characterization of a 2-photon 4-qubit linear cluster state

Giuseppe Vallonel*, Enrico Pomaricol*, Paolo Matalonil**, Francesco De Martinil**, Vincenzo Berardi?
IDipartimento di Fisica dell’Universitd “La Sapienza” and Consorzio Nazionale
Interuniversitario per le Scienze Fisiche della Materia, Roma, 00185 Italy
’Dipartimento Interateneo di Fisica, Universita e Politecnico di Bari and Consorzio
Nazionale Interuniversitario per le Scienze Fisiche della Materia, Bari, 70126 Italy

' i
i i
! ]
! i
| :
i of !
- wperentang)e E FIG. 2: Interferometer and measurement apparatus. a)
| £ m f K : The mode pairs ra-fg and f4-rg are matched on the
: ' _‘B _ : BS. The phase shifters &4 and &g (thin glass plates)
: —— Bab (B) J are used for the measurement of momentum observ-

ables. The polarization analyzers on each of BS output
modes are shown (QWP/HWP=0Quarter/Half-Wave Plate,
PBS=Polarized Beam Splitter). b) Same configuration as in
a) with BS and glasses removed.

FIG. 1: Generation of the linear cluster state by a source of
polarization-momentum hyperentangled 2-photon state. The
state |Z) = |®@7) @ |4F) corresponds to two separate Z-qubit

clusters. The HW acts as a Controlled-Phase (CP) thus gen-

erating the 4-qubit linear cluster |C4}. PRL 98, 1 80502 (2007)
B e




Rome experiment 2007

a) x.y, b) z; |e) = Ko ¥ Observable Value w s
' : ff”’?:’i VAVA: +0.9283 £+ 0.0032 v
BS ' NPT Zazazn +0.8194 4 0.0049 v
=l XazaXp —0.9074 £ 0.0037 v v
e T, 24%B —0.9951 £ 0.0009 v
. - L R A
‘T - o e TALRBTR —+0.5110 £ 0.0050 v v
| ¢:‘ ¥ ZAYAYB +0.8071 + 0.0050 v
YazalYne +0.58945 £ 0.0040 v
XaXpzp +0.9074 £ 0.0037 v v v
FIG. 4@ Measurement seiup for momentim (El-}l,]:i]) and po- YaYpzg —0.8936 + 0.0041 o v
larization {c}} observables for photon 2 (i=A, B). By the a| XazaYBys +0.8177 =+ 0.0055 v
setup we measure 1; (¢ = 0) and o (94 = %}, while the h) YazaXpyn +0.7959 + 0.0055 v

setup is used for measuring z;. By the ¢} setup we measure

TABLE I:. Experimental values of the observables used for
measuring the entanglement witness VW and the expectation
value of S on the cluster state |Cy). The third column ()
refers to the control measurements needed to verify that X 4,
Ya, x4, XB, VB, yB and zB can be considered as elements
of reality. Each experimental value corresponds to a measure
lasting an average time of 10 sec. In the experimental errors
we considered the poissonian statistic and the uncertainties
due to the manual setting of the polarization analysis wave
plates.

Xi (g = i 0u = %ﬂ",%?‘r], Yi (o = 0; g = %ﬂ',%ﬁ“}l arcl
Zi (g = 0; 8 =0, T ), where 8y, is the angle between the
HW P(QW P) optical axis and the vertical direction. The
polarization analysis is performed contextually to oy, o (1.6
with BS and glass) or z; (without BS and glass), as shown by
the dotted lines for BS and glass in o).

T[S perp] = 3.4145 + 0.0095

PRL 98, 180502 (2007).
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Bell-CHSH inequality: Deriva

(4,B,)+(A4,B,)+(A4B,)—(4B,)|<2

A,,A,B,,B e{-11}
(4, + 4,4, — A ) e {(+2,0),(0,£2)}
(4, +A4,)B, +(A4, —A,)B, € {22}
~2<(A,B,+A4,B,+AB,—AB,)<2




Scenario for the Bell-C

+1(C +1
A B
0

1 C Selector 1 Source Selector 2 0 —1
Y
N

+1 ( +1

1 A, b, g




QM violates the Bell-CHSH ineq

v )= (01)-]10)




BeII inequalities

The use of Bell inequalities has some advantages:

(i) Independence of QM. Follow from the assumption of
locality (the results of local measurements are
iIndependent of spacelike separated events).

(i) Provide a testable method to experimentally exclude
LHV.

(ilf) Applications in communication complexity,
entanglement detection, security of key distribution,
state discrimination...




Aspect’'s experiments

VOLUME 47, NUMBER 7 PHYSICAL REVIEW LETTERS 17 Aucust 1981

Experimental Tests of Realistic Local Theories via Bell’s Theorem

Ala'u} Aspect, Philippe Grangier, and Gérard Roger
Institut d’Oplique Théovique et Appliqguee, Univevsile Pavis-Sud, F-91406 Orsay, France
(Received 30 March 1981)

We have measured the linear polarization correlation of the photons emitted in a radia-
tive atomic cascade of calcium. A high-efficiency source provided an improved statistical
accuracy and an ability to perform new tests. Our results, in excellent agreement with
the quantum mechanical predictions, strongly violate the generalized Bell’s inequalities,
and rule out the whole class of realistic local theories. No significant change in results
was observed with source-polarizer separations of up to 6.5 m.

VoLUME 49, NUMBER 2 PHYSICAL REVIEW LETTERS 12 Jury 1982

Experimental Realization of Einstein-Podolsky-Rosen- Bohm Gedankenexperiment:
A New Violation of Bell’s Inequalities

Alain Aspeet, Philippe Grangier, and Gérard Roger
Institut d'Optique Théorique el Appiiquée,‘l.abo'mtaiwe associé au Cenlve National de la Rechevche Scientifique,
Universite Pavis -Sud, F-91406 Orsay, France
(Received 30 December 1981)

The linear-polarization correlation of pairs of photons emitted in a radiative cascade of
calcium has been measured. The new experimental scheme, using two-channel polarizers
(i.e., optical analogs of Stern-Gerlach filters), is a straightforward transposition of Ein-
stein-Podolsky-Rosen-Bohm gedankenexperiment. The present results, in excellent

agreement with the quantum mechanical predictions, lead to the greatest violation of gen-
eralized Bell’s inequalities ever achieved.

VoLUME 49, NUMBER 25 PHYSICAL REVIEW LETTERS 20 DECEMBER 1982

Experimental Test of Bell’s Inequalities Using Time-Varying Analyzers

Alain Aspect, Jean Dalibard,’*’ and Gérard Roger
Institut d'Optique Théovigue et Appliquée, F-91406 Orsay Cédex, France

(Received 27 September 1982)

Correlations of linear polarizations of pairs of photons have been measured with
time-varying analyzers. The analyzer in each leg of the apparatus is an acousto-opti-
cal switch followed by two linear polarizers. The switches operate at incommensurate
frequencies near 50 MHz. Each analyzer amounts to a polarizer which jumps between
two orientations in a time short compared with the photon transit time. The results

are in good agreement with quantum mechanical predictions but violate Bell’s inequal-
ities by 5 standard deviations.




Loophole-free Bell experime

So far, the results of any performed Bell experiment admit an
interpretation in terms of local realistic theories.

A loophole-free experiment would require:

» Spacelike separation between Alice’s measurement choice
and Bob’'s measurement in order to exclude the possibility
that Alice's measurement choice influences the result of
Bob's measurement (locality loophole).

» Sufficiently large number of detections of the prepared
particles in order to exclude the possibility that the
nondetections correspond to local hidden-variable
instructions (detection loophole).




Photons, ions... the gooad

* Photons are the best candidates for closing the locality
loophole. For instance, one can do a Bell experiment with
pairs of polarization-entangled photons separated d = 400 m,
which is not subject to the locality loophole (Innsbruck 98).

* lons are the best candidates for closing the detection
loophole. For instance, one can do a Bell experiment with
pairs of trapped ions with a detection efficiency n = 1
(Boulder 01, Maryland 08).




Photons, ions... the bad new:

* Photo-detection efficiency (n = 0.05-0.33) is not high
enough to close the detection loophole (n > 0.83 is required
for the CHSH inequality).

« Separation between trapped ions (d =1 m in the Maryland
08 experiment) is not enough to close the locality loophole
(d > 15 km is required for the Maryland 08 experiment).




The Mermin inequality

(A4,B,C,y)+(4,B,C,)+(4,B,C;)~(A4B,C,)| <2

IBQM =4




Scenario for the Mermin inequ

Y1

Analyzer 1

Analyzer 3 Analyzer 2

Source of GHZ
states

X3
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= Bell inequalities
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= State-independent violation of Bell-like inequalities




The Kochen-Specker theore

No theory of noncontextual hidden variables (NCHV) can reproduce
QM.

NCHYV theories are those based on the assumption of
noncontextuality, according to which the result of a measurement is
independent of which other compatible observables are jointly
measured




The KS theorem prove the

(i) Realism: measurement outcomes of nonperformed
measurements can be introduced alongside of those of the
actually performed measurements.

(i) Noncontextuality: Alice’s measurement outcome does not
depend on Bob’s choice of measurement [assuming they
measure compatible observables].

(i) Freedom: Alice and Bob can perform either measurement.




(U
)
L
-
| -
)
'
O
)
Q.
o
C
)
L
O
@)
A’
)
L
T

Al

XA
vﬁﬁﬂg

T A

N v AVAYAY \

by e

AV
foRl




The Kochen-Spec

MICHAEL REDHEAD

INCOMPLETENESS
NONLOCALITY
AND REALISM

A Prolegomenon to the Philnsuph}' of
Quantum Mechanics

CLARENDON FiFl PAPERBACKS
L

ciencia popular

3 . E — ' .
! ¥ _.' rewT— = .F."_ o
; & I _|I ||:I| = | 1 s
._-. [ '.::'I-' | AT |

" = SO—— |

Lo demostrable
e indemostrable
Yu.l. Manin

[ gwe oo W cmoem e e fe
S AR A D

B R

Editonal - Mir - Moscu




The 18-vector proof of the

1000
0100
0011
001-1

1111
11-1-1
1-100
001-1

1111
1-11-1
10-10
010-1

1000
0010
0101
010-1

1001
0100
0010
100-1

1001
1-11-1
11-1-1

0110

111-1
1-100
0011

11-11

111-1
0101

10-10
1-111

100-1
0110
11-11
I-111

« Each vector represents the projection operator onto the corresponding

normalized vector. For instance, 111-1 represents the projector onto the
vector (1,1,1,-1)/2.

« Each column contains four mutually orthogonal vectors, so that the
corresponding projectors sum the identity.

* Inany NCHV theory, each column must have assigned the answer “yes” to
one and only one vector.

« But such an assignment is impossible, since each vector appears in two
columns, so the total number of “yes” answers must be an even number.

However, the number of columns is an odd number.

A. Cabello, J. M. Estebaranz, and G. Garcia-Alcaine, Phys. Lett. A 212, 183 (1996).
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The 18-vector proof of the KS'th

v ,—(1,0,0,0)

v —(0,1,0,0)

v —~0,0,1.1)

v =0,0,1,-1)

v, —(0.,0,0,1)
Ve—(0,1.1.0)
v, =(0,1,-1,0)

v=(1,0,0,1) S v.=(1.-1,0.0)

1
|

v.=(1,1,1,-1) Y #o=(1,1,21,51)

v=(-1,1,1,1) 0 vi=(1,1,1,1)

1"’4?;(1?15"151) e o~ -"1;-19:(13"151&"1)
ve=(1,0,1,0) T v, =(1,0,-1,0)
v,—(0,1,0,-1)

A. Cabello, J. M. Estebaranz, and G. Garcia-Alcaine, Phys. Lett. A 212, 183 (1996).
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State-dependent inequalities

There are inequalities that are based only on the assumption
of noncontextuality, in the same way that the Bell inequalities are
based only on the assumption of locality.

These inequalities have the advantage of providing a testable
method to experimentally exclude any alternative description based
on NCHV.

A. Cabello, S. Filipp, H. Rauch, and Y. Hasegawa, Phys. Rev. Lett. 100, 130404 (2008).
A. A. Klyachko, M. A. Can. S. Binicioglu, and A. S. Shumovsky, Phys. Rev. Lett. 101, 020403
(2008).

Y. Nambu, e-print arXiv:0805.3398 [quant-ph].




State-independent inequa

However, the fact that all these new inequalities are
state-dependent, while the proofs of the KS theorem are
state-independent, has been recently described as “a drawback”.

A. A. Klyvachko, M. A. Can, S. Binicioglu, and A. S. Shumovsky, Phys. Rev. Lett. 101, 020403
(2008).

A natural question is the following: Given a physical system
described in QM by a Hilbert space of dimension d (i.e., a physical
system admitting d compatible dichotomic observables), is it
possible to derive experimentally testable Bell-like correlation

inequalities using only the assumption of nhoncontextuality, such that
any quantum state violates them?




First inequality

_{AIEAIEAITAIS> — {AIEAEEAESAEQ> — {AEEAMAETAEEJ}
—(A34A45A47A43) — (ALLE.AE.EAE-SAE-Q) — {AIEAEEAG?AEQ>
_{A17A3?A47A6?> — {AISAESAASAE-S) — {AEQAEQASQAEQ> i: 7

A. Cabello, Phys. Rev. Lett. 101, 210401 (2008).
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State-independent violation

.:41":2'1’1" V4 —1 :
1 | J>< J| VIZ(I,O,O.,O)

v =(0,1,0.0)
v =(0,0,1,1)
S v.=(0,0,1,-1)

v, —(0.,0,0,1)
Ve—(0,1.1.0)
v, =(0,1,-1,0)

v=(1,0,0,1) S v.=(1.-1,0.0)
I

v.=(1,1,1,-1) Y #o=(1,1,21,51)

v=(-1,1,1,1) 0 vi=(1,1,1,1)

1"’4?;([?15"151) e o~ -"1'39:(13"15]7"1)
ve=(1,0,1,0) “v,=(1,0,-1,0)
v,—(0,1,0,-1)

A. Cabello, Phys. Rev. Lett. 101, 210401 (2008).
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First inequality

—(A12A16A17A18) — (A12A23 Aog Aog) — (Azzﬂmﬂz?ﬂg*a)
—(A34 Ay Ay7 Ass) — (Ass Ase Asg Asg) — {AIEAE-EAG?AEQ>
—(A17As7 Ayr Aer) — (A1s Aos Ayg Asg) — (142914391459145@ <7

IBQM =9

A. Cabello, Phys. Rev. Lett. 101, 210401 (2008).
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Second inequality

(4BC) + (abe) + (afy) + (dac) + (BDP) — (Cey) =

A= ﬁ;lrilj__l B = {I,;E*EJ? = ﬁilj 'E'{T{EJ
a — {I‘EEJ? h = {TIEIJ’ C = G;IEIJ ﬁg(zj
a=0"®0, PB=o" 206, Y= CFJEJ”EJG{J.

/ QM A. Peres, Phys. Lett. A 151, 107 (1990).

N. D. Mermin, Phys. Rev. Lett. 65, 3373 (1990).
e




Particular cases of the second Inec

—(4B) — (ab) — (0B + (dao) + (BDS) < 3

A. Cabello, S. Filipp, H. Rauch, and Y. Hasegawa, Phys. Rev. Lett. 100, 130404 (2008).

(ABC) + (abe) + (aB) + (4ac) + (BBB) — (Ce) < 4

Y. Nambu, e-print arXiv:0805.3398 [quant-ph].




Third inequality

(A, B, B, H B;) + (AB1Co Hc + (A3C Bs H C:)

+(AC1Co HB& — (A1 Az AsAy) <3

A =207, 073 ...0 2,
A =Z1 X R X30...0 X,

A =X ®Z, 3 X380 ...0 X,,, IB — 5

A= X3 XoR 7230 ...0 Z,, QM

B; = Z;,

C; = X,. N. D. Mermin, Phys. Rev. Lett. 65, 3373 (1990).




Particular case of the third

BB, |[8) + Bic2 [ [ €) + (@B [ [ o) — (@i ][ B) <2
=3 =3 =4 =4

N. D. Mermin, Phys. Rev. Lett. 65, 1838 (1990).
- s




Can any physical system which, in principle, admits a non-contextual description show a

state-independent violation of one of these inequalities?

Non-contextual descriptions are possible whenever d > 3. If d = 2, there are no 3

observables A, B, and C, such that A is compatible with B and C, but B is incompatible
with C; thus, non-contextual descriptions of these systems are meaningless. d = 3 is the first

case 1n which non-contextuality 1s a non-trivial property.

P. Badziag, I. Bengtsson, A. Cabello, and 1. Pitowsky, e-print arXiv:0809.0430 |[quant-ph].




(i) “classical” states are impossible in quantum mechanics, and this impossibility can be
tested by experiments.
(ii) Bell inequalities are particular cases of more general inequalities in which neither

space-like separation nor entanglement play a fundamental role.

P. Badziag, I. Bengtsson, A. Cabello, and 1. Pitowsky, e-print arXiv:0809.0430 |[quant-ph].
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How can these inequalities be testea?




Experimental state-independent violation

4BC| + (abe) + (aBy) + (4aa) + (BBB) — (Ccy) < 4
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Experimental state-independent violation

- + (abc) + (aBy) + (Aao) + (Bb) — (Ccy) < 4

a= u:rfj, b= cr;.[',;”, c= ElJ @ u:rfj,
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E. Amselem, M. Radmark, M. Bourennane, and A. Cabello.




Can it be tested in different phys

= Polarization and path of single photons? Yes

= Spin and path of single neutrons? Partially, H.
Bartosik et al.

= |ons?

= QOther systems?




Loopholes?

= Locality loophole? No
= Detection loophole? Yes

= New loopholes? Yes: Compatibility loophole
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