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Press release: The Nobel Prize in
Physics 2022

English
English {pdf)
Swradish
Swedish {pdf)

AKADEMIEN

TiE BRIkl WWTTIESH ACATIENE (IF S FMCES
4 Oclober 2022

The Roval Swedizh Academy of Sciences has decided to award the Nobel Prize in Physics
202210

Alain Aspect
Insritut A'Optique Gradoate Schoal — Université Parig-
Saclay and Feole Polyrechnique, Palaisean, France

John F. Clauser
J.F Clanser & Assoc,, Walnut Creek, CA, USA

Anton Zeilinger
University of Vienoa, Austria

“for expertiients with entangled photons, estabtishing the viofation of Bell inegiuelities and
ptareertng auaitam informarion scisrce”

Entangled states — from theory to technology

Alain Aspect, John Clauser and Anton Zeilinger have each conducted
groundhreaking experiments using entangled quantum states, where two
particles behave like a single unit even when they are separated. Their results
have cleared the way for new technelogy based upon quantum information.




PHYSICS NOBEL FOR
"SPOOKY' QUANTUM
ENTANGLEMENT

Award goes to three physicists whose research laid
the groundwork for quantum information science.
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EPR & Bohm

,\

Plausible Propositions of EPR

Locality

Reality \ R

Completeness David Bohm Boris Podolsky Nathag‘?s
Einstein, Podolsky, and Rosen, Phys. Rev. 47,7777 (LE?:‘»‘S)




EPR

(1) Perfect correlation. If the spins of particle A and B are
measured along the same direction, then with certainty the

(it) Locality. “Since at the time of measurement the two systems
no longer interact, no real change can take place in the second
system in consequence of anything that may be done to the first

system.”

(ii1) Reality. “lIf, 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..”

(iv) Completeness. “Every element of the physical reality mast ,,;-faﬁf
have a counterpart in the physical theory.” | ,{;,
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On the Einstein Podolsky Rosen Paradox, Physics 1, 195 (1964)

* Two Particle
. Source

C'(a. b) f AN, @) B(X, b)p(\)dA
JA

- j AN, @) AN, D) p(N)dX
A

The most important breakthrough...
—1& DURYIFE S 23X 15& Brian Josephson
E(é,b) - Cla. &)l - Cb,é) —1 The most profound discovery in science
—E A ETYEF HHenry Stapp




[E(Ay,By) + E(A1,B,) + E(A3,By) - E(A5,By)| <2

E(A;,B)) is the expectation value of the correlation
experiment A, B s

Bepsn=A1 @ (B + By + A, ®@ (B, - B))

A,=a, -0, A,=a, o (similarly for B, and B,)

Quantum formalism predicts the Cirel son inequality
(Cirel son, 1980)

[(Beusioml = [Tr(Beysup)| < 242




Bell /"2 =

l. Each measurement reveals an objective physical property of
the system. This means that the particle had some value of
this property before the measurement was made, just as in
classical physics. This value may be unknown to us (just as it

2. A measurement made by Alice has no effect on a
measurement made by Bob and vice versa. This comes from

the theory of relativity, which requires that any signal has to
propagate at the (finite) speed of light.




E(A1B1) + E(A1Bs) + E(A2By) — E(A2Bs)
E(A1By + A1 By + As By — A2 By)
E(A1(B1 + B2) + Aa(B1 — Byg)) .

B,=B,.InthiscaseB, -B,=0and B,+B, = £2, s0
Aqy(B, tBy)tAx(B, — By = £2A, = £2.

B, =-B.. Inthiscase B,+B, =0and B,—B, = *2,
s0 A,(B,+B,)+A,(B,— B,) = £2A,= £2. *
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In either case, A,B,+A,B,+A,B,-A,B, = 2. We
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S Bell A2 R

When Alice applies the unitary operation locally to her qubits,
we obtain

a|000) + b(a|011) + 3]101))
10)(a|00) + ba|11)) + b3|101)

Therefore, If we tailor the unitary transformation so that a =
ba, then if Alice measures her ancillary qubit in the state

|0=, the state that she shares with Bob is maximally
entangled.

So what we have shown is that by a local unitary transformation
followed by a measurement, Alice can convert any nanmaxima.Q

entangled pure state into a maximally entangled pure state (wzt
some nonzero probability).
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Mixed states may not violate Bell’s inequalities

where the degree of mixing is determined by a
parameter F (which really stands for “fidelity”):

1—F |
ow = F[I) (| WOTF| + (@) (DT + | &) (@)

where 0 < F < 1. When F = 1/2, we can write It as

g (7P| + ) (o)) + (TN~ + |t){(®F|)

| 1 o L
E (=T~ |+ |27 ) (D)




Mixed states may not V|olate Bell smequalities

The Werner states for F=1/2 is separable.

An equal mixture of any two maximally entangled states
IS a separable state.

(1/2)(|2T) (DT | + [P~ ) (D)

IS equivalent to
(1/2)(]00){00|+|11)(11]|)

The Werner states are entangled for F > 1;
The Werner states violates Bell’s inequalities when F >

0.78:
The Werner states does not violate any Bell’sinequal |t|e$-,.\
when F  5/8=0.625 when the correlations result from p

proj ective measurements.
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Nonlocal games

and s to Bob, and Alice and Bob answer with a and b, W
respectively. The referee evaluates some predicate on (r %‘3 ._
a, b) to determine if they win or lose. >




The GHZ game

They win if




GHZ game

The winning conditions can be expressed

Adding the four equations modulo 2 gives 0 = 1, a
contradiction. This means it is not possible for. a




GHZ game

Suppose that the three players share the
entangled state

1
[#) = 5 1000) — 5 \(111> e \1()1} e \11()\

' °

il ]f the question is q = 1, then the player performs
a Hadamard transform on their qubit of the above
State. (]f q 0, the player does not perform a

The player measures their qubit in the standard
basis and returns the answer to the referee.




GHZ game

There are two cases:
Case I: r st = 000. In this case the players all just measure their
qubit, and it is obvious that the

results satisfy aBbAc = 0 as required.
Case 2:rst| {011; 101, 110}. All three possibilities will work the

same way by symmetry, so let us assume r st = 011. Notice that

1 1 1 1 1
|0y [ == 100y — —[11) ) = —|1) —01+—1n)
= 5100 (75100 = 7= 1)) = = 1) (= 01) + = |10

( _ HRQ H ) rﬁf) — -'I;T'..?Jr} and (H X H) 1 .+"'fl-"+> — ‘fﬁf)

b e L
—= [0y o) — —

V2 V2

When they measure, the results satisfy aAbAc [ as required. VVGM =
therefore shown that there is a quantum strategy that wins every mne -

(I® HR H) |¢¥) = D) o) = = ‘U(]l) + |010) — |100) + |111))




The CHSH game

The referee chooses questions r s 1 {00; 01; 10; 11} uniformly,

and Alice and Bob must each answer a single bit: a for Alice, b
for Bob.

They win if

By similar reasoning to the GHZ game, the maximum probability
with which a classical strategy can win is .

Andreas Winter, Quantum mechanics: The usefulness of
uselessness, Nature 466, 1053—-1054 (2010)




The CHSH game

The referee chooses questions r s 1 {00; 01; 10; 11} uniformly, and
Alice and Bob must each answer a single bit: a for Alice, b for Bob.

ho(0)) = cos(f) |0) + sin(8) [1),

‘I’T}]_(H > = — '*-Hl ‘U> + ¢ {r: ‘1)

If Alice receives the question 0, she will measure her qubit with

respect to the basis
20(0 )> »1(0)) }

respect to the basis |




The CHSH game

The referee chooses questions r s 1 {00; 01; 10; 11} uniformly, and
Alice and Bob must each answer a single bit: a for Alice, b for Bob.

0p(0)) = cos(B) |0) + sin(0) [1),

‘I’T}]_(H > = — 5111 ‘U> + ¢ {r: ‘1)

Bob uses a similar strategy, except that he measures with respect
to the basis: If Bob receives the question 0, he will measure her

qubit with respect to the basis Ww

and if he receives the question 1, he will measure his qubztwaﬁz
respect to the basis /




The CHSH game

Then Alice's and Bob's observables are

How well does the strategy?
Consider:

1 | ,
4 (Y[Aog ® By + Ao ® By + A1 ® By — Ay ® By|)

This is the probability that Alice and Bob win minus the
probability they lose.




The CHSH game

< ‘-ln Bn't ) — ‘-1” B]|£?— ml |-11 Bu‘-‘ ) — —(i |'11 Bllt —

we know that the probability of winning minus the probability of
losing is IN?2 .

This means the probability of winning is

1
‘ +——({}H( /8)

NG

Thus Alice and Bob will answer correctly with probability
cos?(P/8)»0.85, which is better than an optimal classical Stm.tggyr, ﬁ"’

.f .-'.;?.-
e
S |

that wins with probability 7. 4& i

<<




Tsirelson’s bound

For any choice of observables A, A, B,and B, with eigenvalues in
[-1,1] and any state,

® Bo+ Ao ® By + A; &

Ry en el | Ao |, || Al || Boll, || Bl <1

(Y]|Ao ® By + Ao ® By + A1 ® By — A1 ® By|v)

< ||[(Ag @ By + flu B+ A1 By — A1 ® Bl) |‘>||
< |[(Ao ® (Bo + | )H I ” A & B“ |f )”

G0} + o) || + H Ir.:r._.) - IW [




Tsirelson’s bound

By making use of

One has

—_———

|| |.r__)”} —]— |.|'_'I'fjl:::l || —f— || ||‘_'_"_.'!”::| —_— |f.1'1:} || E ’2 + QLR I::{-‘}l.llf:"-"’l::l + \/j s jﬁ}% {{:Jﬂ'll'r:"’l} —

forx € [-1,1]. the maximum of this expression

oceurs at x = 0, giving 2V2 as required. This lead to
the best quantum strategy




Mermin-Peres magic square game

A Ulassical Mermin-Peres Maggic Squenre (VPMS] Game How (o Win Using “I‘qu“tuuik\-lml h}""

The game involves twa playem, Alice and Bob who placs numbars in & _-/.—) ) -
“magic square” (3 three-by-twee prid of numbsars), with each grid element Alice and Bob identify a strategy that allows them to correctly fill out all nine celis avery

being assigned the value +1or -1 time without the need for any communication ance the game has bagun, Using entangled
qubits means that the information that allows them to coordinale their choices is already
affectively encoded in the pairs of particles themsalves,

Sl -

The strategy  Alice and BEob take a qubit  Alice measures her qubits and takes their  Bob's result iz =ei by
utilizes two from each pair. Each qubit  product. The supsrpositions of +1 and =1 Alica's measuramant

Alice s Bob are separated snd cannol  Alice and Bob nses & nurmber, sither +1 or  Bolh players win it | Qubit pairs, in one pair is entangled collapse, resulting in four possible slates,  because of their
cammiuncala. A iefensas, Chardie, -1, i aach af the three calls n thed row or ey enter the same with a quist in the olher, each with equal probability, qubil entanglement,
as&'g\s a random row to Alce and a Eﬂu"rh'lﬁud‘l‘lha‘ll'ﬁ'pfmﬂ'-'- i P i e

=

L 00 OO0 0099 0@

The Entangulators

(o o (T AT o
random coclumn to Bob enirias ks +1 and thal of Bob's is -1 imtersaciing ceall . . %\;_. @ @ -‘% @ ;\]}—.
- "?j -
“ w "] - o Q 4] or . R

The Clazsical Conflict

It k& im@ossible to complete the mmﬂmmf
fo the rues. Al combmabions have al less! one conflicl
whare & person needs a +1 and the other needs a <1. Tha
bl possibie ouloome i W0 corectly Bl sight ol the nine calls.

The players prepare many qubit quartets and store | MNow they are ready to play the gamel Charlie assigns
them in therr “entangulators & random row to Allce and a random column to Bob.
Alica's antangulator has Bob's butlons assign Alice pushas Bob's qubits
buttons that assign and and measure the her buttans to know” what Alice
mieasune the row inputs column inputs. assign guit played Bab's
\1 e ) pairs bo her entries can be
e T rew sich that calibrated to win
their produck such that their
15+ product 15 =1

Charlie assigns a random n‘m

row lo Alice and a random  Magic Intersection

column to Bob. Alice and Now winning all of the nine rounds per magic square is 100 percent guarantesd. “‘n
Bob : Eib matied The gubit pairs’ idantical quantum state in the intersecting coll satisfies tha rule n
0L assign quUiIL pas o that the entries of both players must match, Entanglement guarantees that their “

each cell in their assigned  row or column product criterion will be salisfied.
row or column.

i=

respective entries of measurements o ensure a win.
must mateh.



https://www.scientificamerican.com/article/researchers-use-quantum-telepathy-to-win-an-impossible-game/

Experimental demonstration of Mermin-Peres magic square game

PHYSICAL REVIEW LETTERS 12%, 15002 {2022) PHYSICAL REVIEW LETTERS L2W, D50402 (2002

FAEL = 1 St kzienwamest ol clasann almmleses Hene, = Do Aloe ol F = =1 hor Baly, Wohien
reowring guenics . and v Aloe cd Bul scles! vne labile v prsdeeoed rrsdumrass ared repy itk e el il
wlneulwme paperiecly, 1 Gy voifosnly oo talalos, Uiey sl nave s aversgs o winning pebobilit 854 Jor

cach yuerse.
Experimental Demonstration of Quantum Pseudotelepathy

: z 7 ] . 3 f: ] © i -‘ z “_Tﬁ_' Ii i
Jia-Min Xu®,"” Yi-Zheng Zhen®,'” Yu-Xiang Yan;.:."'l' Zi-Muo Cllr:ug.j" Zhi-Cheng Ren™ ot 111 B B
Kai Chen®,'" Xi-Lin W'Hng{_’i_'“" and Hui-Tian Wange™ -'"l_l_ I AR f"{' U

'Hefei National Reseurch Center for Physical Sciences at e Microscale and School af Plysical Sciences, 11 F 2= 1 gk
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SCAS Centre for Excellence in Quantum Inforeation and (hiantum Physics, o 1 I all f G

Uindversiy af Science amd Techuology of Chivg, Hefei 230626, China .-..[ TT1T 5 u{ 1T o1 @ I,
*MNeiianal Labaratory of Salid State Microstrieciures, School of Physics, Nawfing University, NManfing 200093, China I." [ a 1 1? 11

Collaborative fnnovation Center of Advanced Microstructures, Nonjing 210093, Ching ? L
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Cruasitum pseudatelepathy is a strong form of nonlocality. Different from the conventional nonlocal = 2T | T

garmes where quantum strategics win statistically, e.g., the Clauser-Home-Shimony-Holt game, quantum

pewdocipaty n priocple llos quart plyes 0 wi rovbily |- In s Leer, we oo [

faithful expenmental demonstration of gquantum pseudotelepathy via playing the nonlocal version of

Mermin-Peres magic square game, where Alice and Bob cooperatively fill in a 2 = 3 magic square. We TABLEIL [}Pllmﬂl qu::l'ﬂlle sl Elleg}'. The X* Y’ and Z are three
adapt the hyperentanglement scheme and prepare phaton pairs entangled in both the polarization and the Pauli mainces. When Tf::{_fti"r'il'lLE quer‘je:\; x umdd Y, Alice and Bob
arbital angular momentum degrees of freedom, such that the experiment is carmied out in a resource- - . o .

effident manner, Under the locality and fair-sampling assumption, owr resulis show that quasdom players Sﬂ'lﬁl'.:l. lhﬁ x'“h T {‘N'h CUIUIHH} ol UbHﬂT\;ﬂhlES L MEdSUTe th:f'fll'

can simultaneously win all the gqueries over any classical strategy. H}-‘Stt‘-ﬂlﬁ. ']'hﬂ}, 1,_..,.]'11 dll LlUt‘.I'iﬁS “rith pfﬂb.’:lbilit}" _'|_

M LT O3 PhysRevlear, | 290650402
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Experimental demonstration of Mermin-Peres magic square game

Preparation of hyperentangled photon pairs
(polarization vs. OAM)

T80nm
il ls-l:uL-E _ e || seo | Qg

B FES . owWF | 3nm filtar
o awnm FaEnN "

(&)
QRN
W‘Perenhﬂ‘ﬂled slale DAM —1:I: | 210

murror

=

T POL —
v CHOT -

(b) (c) {d)
N T DAMo-palarzation canverter|
S )

‘Winning condition:
T WD TN EDE T
Tha {;w’er]appad antry he mme_._ Jia-Min Xu*, Yi-Zheng Zhen*, Yu-Xiang Yang Zi-Mo Cheng, Zhi-?
- Cheng Ren, Kai Chen”, Xi-Lin Wang#, and Hui-Tian ‘Wang?, Phys L~
; "' b BRev. Lett 129,050402 (2022). o - |

- .__.- - -




Results: Classical VS Quantum

Probability

2 9651

P Winning probability

] 953
B 2. 9168 o147 9262 Sl _
.| classical
8/9

(01) (02) (1,00 (1,1) (1.2) 2,00 (21) (22)
Query pair (x,y)

1075930

rounds
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QUANTUM PHYSICS
Reality doesn't exist until you

Researchers Use Quantum measure it, quantum parlor trick
. . confirms
“Telepathy’ to Win an ‘Impossible’ i s

Game

A new plavful demonstration of quantum pseudotelepathy could lead to advances in
communication and computation

By Philip Ball on October 25, 2022

a new wrinkle in what quantum rules
contextuality

tonly looks like telepathy, but a quantum game harpoans our
usual sense of reality, KaTEAYHa KOYARZHISTOGH

nonlocality

siare:| W jin B O® % =



https://www.scientificamerican.com/article/researchers-use-quantum-telepathy-to-win-an-impossible-game/
https://www.science.org/content/article/reality-doesn-t-exist-until-you-measure-it-quantum-parlor-trick-confirms
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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 Aspect, Philippe Grangier and Gérard Roger
Institut d’Optique Théorique el Appliquée, Labovaloive associé au Centve National de la Rechevche Scientifique,
Université 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.

A. Aspect et al., Experimental Realization
Instein-Podolsky-Rosen-Bohm

peviment. Two-spin-} particles (or photons) in a sing- Gedankenexperiment: A New\Violation of
let state (or similar) separate. The spin components

(or linear polarizations) of 1 and 2 are measured along Bell's Inequa“tles PhyS Rev. LWQ-; -

A and b, Quantum mechanies predicts strong correla- 91 (19 82)
tions between these measurements,

. | K
FIG, 1. Einstein-Podolsky-Rosen- Bohm gedankenex-
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Bell A& A I

A typical CHSH experiment

FIG. 2. Experimental setup. Two polarimeters I and
II, in orientations & and b, perform true dichotomic
measurements of linear polarization on photons v, and
vy, Each polarimeter is rotatable around the axis of
the incident beam. The counting electronics monitors
the singles and the coincidences.

— John Bell (1928-1990)
Sexpt =2.697+0,015

A. Aspect et al., Experimental Realization
of Einstein-Podolsky-Rosen-Bohm
Gedankenexperiment: A New ViolatiOfaof _ .22
Bell's Inequalities, Phys. Rev. Lett. 49, g />
91 (1982). {éﬂ :

<
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Most of the dozens of experiments performed so far have favored
Quantum Mechanics, but not decisively because of the 'detection

loopholes' or the '‘communication loophole.' The latter has been
nearly decisively blocked by a recent experiment and there is a good

2004 Stanford Encyclopedia overview article




Bel I A 55 =0 56 two-quibit

An n-qubit state can be written as

In particular, for the two-qubit system the 3x3-dimensional
tensor is given by




Bel I A 55 =0 56 two-quibit

An 2-qubit state can be written as

=%(!@I+r-a‘®!+f®s'ﬂ'+ Y tumOn ® O
n,m=1

|(Beusn)el < 2

24/M(9) = (Biax)o = g}% |{Bensi) ol

M(): = max (T8l + IToc'I) = u + 3

Here u and il are the two largest eigenvalues of T', T,

Horodecki, R.; Horodecki, P.; Horodecki, M 3
Violating Bell inequality by mixed spin-1/2 States necessary and sufficient Condltlonﬂ’ﬁgq %
Physics Letters A, Volume 200, Issue 5, May 1995, Pages 340-344 ;




Clauser-Horne-Shimony-Holt A~% 2

Mathematics

.2y =+l = ay+ay +2'y—2'y = £2

The CHSH Inequality

Clauser et al.,
Phys. Rev. Lett. 23, 880 (1969)

Without perfect correlation!

— Ty, b L,

i1
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Greenberger-Horne-Zellinger

Greenberger et al.,
|l":- V1Y Am. J. Phys. 58, 1131 (1990)

—1|1]; i [V, &) = S|4
v )

, o2 = £|2)

A(X,8)B(), 2)C(A,
A(A 2)B(A. 9)C(A. g,
AN\ ) B\ #)C (N3,
AN y)BA.y)C(\.




Bell’s theorem without inequalities

¥)guz = —= (104]0)B10)r —|1)a|)B|1)E)
.MI,I'L

Xa®Xp®Xg|V)cuz
XAa®Ye®YEg|¥)gnz

YAa®Ys ® Xg |V¥)gnz




Correlation functions

For a maximally entangled state

With appropriate angles




One verifies that the CHSH inequality is violated!




every pure

bipartite entangled state In
two dimensions violates the
CHSH inequality.

N. Gisin, Phys. Lett. A 154, 201 (1991);

N. Gisin and A. Peres, Phys. Lett. A 162, 15
(1992).

Wiolame |3, number 36

PHYSICS LETTERS &

B April 19

Bell's inequality holds for all non-product states

M. Gisn

Frawp of Apaled Phyner, Danarany of Geane, 120 Genera f, Suaizerismd

Received 4 February 1591; acoepeed Tor publication. 7 Pebroary 1591

Cemmunicaled by )P Yigier

Wy prrrer (b amy aoe-prodec: suie of van-partcle wydems vielaoma Bell insquality.

In 1984 Bell [1] surprised many physicists by
proving 1kl there are stales of tav-guaniem-paricle
sysiems thai o not sanisfy 8 cenmain imegquality shich
be derived from very plausible assumptions aboui
locality and realism in 1he spirit of Einstein. A hage
literature has coversd lois of aspecis, ranging from
philosophy 1o experimenial physics, of the new feld
opened by Bells 1964 paper. See, for instance, the
valuable mark review of Cla and Shimesy [2].
amd the more recent reviews by Cireenberger and co-
worioers | 3], and by Mermin (4], The two later re-
views also comtain the more recemt resulls on a ver-
sion of Bell's result without inegualities, but valid
anky for syssems with more than ywe panicies.

It i well known thar not all stares of two-paicle
sysiems winlate ihe Bell inequality ®', dhe product
siases, for imstance, do suisfy the meguality. In this
brief noie [ prove 1hat the prodiec states are the anly
siates thai do mot vickate any Bell inequality. When
I had the chance i disoass this equivalence Betwern
“states thay viplate the inequality™ and “entangled
slates™ (i.e. “non-product states” ) with John Bell last
Sepbember, jusi befone his sudden iragic deadh, [ was
surprised that he did not know this resublt. This mo-
tivales me to present today this |tk sote which 1
have had on my shelves for many years and which
may be part of the “folklore™, known to many people
but {Epparently ) never publshed. | would like 1o
dedicare 1his Letter o Folin Bell, not only a8 the per-

" There are saay Bell insgaalitics, we shall uee maedue in Chis-
ez, Harne, Shimany and Fok [#]

s0n who discovered the inegualily and ibus opened
the ield of "experimental methaphysics™, bus alsozs
e man who taughn me soe much during owr discus-
sipms and who amazed me many times by his ca-
pabiliny 1o immedaiely focus on the central podnt
umsder invesisgation.

Theorem. Let pe 9% If w is emtangled {ie @
is. ot @ product §, then @ violates the Bell imeguality,
ka1 Is there are projecions g, @', b, &', such that

WPla, b =Ma by v e, Pl b =2,
where
Pl b= 2a— 1 BB 2h— 115,

Proof, Let (g} and |} be orthonormal bases al’ ¥,
and M, mespectively, sach that

w= 1 o,

liar same real o, with ¢ w0 & 5. Motics that the abave
fum o over only ane index | polar or Schenidt de-
composition ), the exmlence of 1wo non-eere s
comes from 1he entanghsnem ol ¢ One bas
w=p+r, .

where

P

Tl Tl

wnd ¥, Lx

0373900 /91,75 0150 & 1991 - Elstvier Scwace Peblizhen BY. {Norib-Heolland )
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and showed that any n-partite pure

entangled state can always be projected onto a two-
partite pure entangled state by projecting n—2 parties

onto appropriate local pure states.

Open problem: Whether the Gisin theorem can be generalized
without postselection for an arbitrary »n-partite pure entangled state?

Ka Chen, Sergio Albeverio, and Shao-Ming Fel, Phys. Rev. A 74, 050101 (2006)
SixiaYu et al., Phys. Rev. Lett. 109, 120402 (2012)
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Multi-partite Bell inequalities

Mermin-Ardehali-Belinskii-Klyshko [MABK] type (1990 ~1993)

F=Jarp0) - | TT Ed+ig) —~ IT (&4~ iE))
J=l J=1

)
F=<2"2 pneven.

F< 2[!:—]}!’2, n odd

Werner, Wolf, Zukowski, Brukner [WWZB] (2001)
B=2, B(S}JLL A(sg)

1 1

tr(pB)=tr| p >, B(s)®1_ Ai(sp)|=1




Multi-partite Bell inequalities

The WWZB inequalities are given by linear combinations of

There are

mequalltles R. F. Werner and M. M. Wolf, Phys. Rev. A 64, 032112 (2001).
M. Zukowski and C. Brukner, Phys. Rev. Lett. 88, 210401 (2002).




Multi-partite Bell inequalities

In particular putting

) =~\2cos[—m/4+(s1+ - +S,—n)m/ 4]

one recovers the Mermin-type inequalities, and for n=2 the
CHSH inequality follows.

Fortunately, the set of linear inequalities is equivalent to a
single nonlinear inequality

2 | 2 (- D)*9E(k)
S k

which characterizes the structure of the accessible classical kquo,n (oié

the correlation function for n-partite systems, a hyperoctahedr%wf_
dimensions, as the unit sphere of the Banach space + ~
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The generalized GHZ states

lp=cos al0. . Wtsinall .1}

o

UER sin 2a=<1/y2"'/and N odd

these states are proved to satisfy all the standard inequalities.
This is rather surprising as they are a generalization of the GHZ

states which maximally violate the MABK inequalities.




Bell Inequalities for 3 qubits

3-qubit Zukowski-Brukner inequality

3-qubit Bell inequality developed by Chen-Wu-Kwek-Oh

Q(A1B1Cy) = Q(A1Ba(y) — Q(A2B1(y) — Q(A2BoCy) +2Q(A2B2(3)
-Q(A1By) - Q(ABy) — Q(A2By) — Q(A2Bg) + Q(A1Cy) + Q(A1 (o)
+Q(A2C)) + Q(A2Cs) + Q(BLCh) + Q(B1Ca) + Q(BaCy) + Q(ByCa) <4

are three-particle correlation functions defined

L]
i T /r"'r'/"/"‘ i"i!'!!i'!

N
3L Chen, C. F Wu, L. C. Kwek, and C. H. Oh, Phys. Rev. Lett. 93, 140407 {2004y -




Bell Inequalities for 3 qubits

All pure 2-entangled states of a
three-qubit system violate a
Bell inequality for probabilities.

Quantum Violation

o] .

T T T T J T T T T T L T
0 n/12 6 /4 w3 5m/12 T2
Angle &

FIG. 1. Numerical results for the generalized GHZ states
ez = cos&|000) + siné|111), which violate a Bell inequal-
ity for probabilities (6) except & =0 and /2. For the GHZ
state with & = /4., the Bell quantity reaches its maximum
value (4 + 34/3).




0,2)=A} with ki=1,2.

(B)avl = ‘ (By_1(Ay+Ap) + (Ay—Ap)iav| =1

They recover the standard Bell inequalities as a special case;
They provide an exponentially increasing violation for GHZ states

They essentially involve only two measurement settings per observer

They yield violation for the generalized GHZ states in the whole regian of for
any number of qubits i
N

Kal Chen, Sergio Albeverio, and Shao-Ming Fei, Phys. Rev. A 74, 050101(R)" (2306)#,




Multipartite Bound Entangled States that
Violate Bell’s Inequality

1 | iy -
PN (|‘If><‘l’| + = Z (Pr + Pi)

N + 1 2 &
Ll
/2

Denoted by P, a projector on the state

|[pi) = 10)4,10)4, ... 11)4, .

Fact: (i) the states are bound entangled, i.e., nonseparable and
nondistillable if the number of parties N3 4; (ii) the states violate the
Mermin-Klyshko inequality if the number of parties N 3 8 and thus cannot
be described by a LHV model.

) = — (J0®V) + e'*v[1°VY)

This implies that (i) violation of Bell s inequality is not a sufficient .
condition for distillability and (ii) some bound entangled sta(€Spy.
cannot be described by a local hidden variable model. {iﬂ‘ =

& %

<

W. Diir, Phys. Rev. Lett. 87, 230402 (2001).




Bipartite Bound Entangled States that
Violate Bell’s Inequality

Figure 1 | Relation between different fundamental manifestations of
quantum entanglement. Bell nonlocality, non-positivity under partial
transposition, and entanglement distillability represent three facets of the
phenomenon of entanglerment. Understanding the connection between
these concepts is a longstanding problem. It is well known that
entanglement distillability implies both nonlocality?® and non-positive
partial transpose'’. Peres?! conjectured that nonlocality implies non-
pasitivity under partial transposition and entanglement distillability; hence
represented by the dashed arrows. The main result of the present work is to
show that this conjecture is false, as indicaled by the red crosses. To
complete the diagram, it remains to be seen whether non-positive partial
transpose implies distillability, one of the most important open guestions in
entanglement theory>4%_If this conjecture turns out to be false, it would
remain to be seen whether non-positive partial transpose implies Bell
nonlocality.

Vertesi, T. & Brunner, N. Disproving the Peres conjecture by showing BEIP:.' -
nonlocality from bound entanglement. Nat. Commun. 5:5297 Zf
doi: 10.1038/ncomms6297 (2014).




Quadratic Bell Inequalities as Tests for
Multipartite Entanglement

Denote the spin observables on particle j, =1 n, as A A . Further, S,

stands for the set of all n-particle states, and S, "! for its subset of those states
which are at most n-1-partite entangled.

S + B ¥ =81 A, — 8 A Y+ 8 A, + 85 .,4L¥
(A,,)(S” 7 <A!)(‘;n_ 1)..2 J<A.f:><S; 1> + ((AL><S:—1>)2
= {4y + GLPIRE . F + B, ) = 2 sap {8100 + 8 0 =22

pESﬂ—l

Jos Uffink, Phys. Rev. Lett. 88, 230406 (2002)




Tight Multipartite Bell’s Inequalities
Involving Many M easurement Settings

4 X 4 x 2 inequalities

((Cy + Cy)[A1(By + By) + Ay(By — By)] +
(Cy — Co)[A3(Bs + By) + Ay(B3 — By) Dave = 4

Let A with i | {1; 2; 3; 4} stand for the predetermined local realistic
values for the first observer under the local setting B; with R 3: 4)
for similar values for the second observer, and o W|th k1 {1; 2; 3; 4}

HAET rBell A ZE = K — AR #4718 6] L #Generalized GHZ states### !
W. Laskowski et al., Phys. Rev. Lett. 93, 200401 (2004)




Bell-Klyshko Inequalities to Characterize Maximally
Entangled States of n Qubits

| |
Bn = Bn—l ®§(An vy Aifz) + B;—l ®§(An o Aif:);

1 |
Bi@ - Bi@ul ®§(An a7 Ai@) - Bn—l ®§(An - Aiz)

Bell-Klyshko Inequalities [¥E=!

Theorem: A state |¢) of n qubits maximally violates
Eq.(3), that 1s,

(p|B,lo) =217,

if and only if it can be obtained by a local unitary
transformation of the GHZ state
|IGHZ) zﬁ(lo- 0y - 1)), e,
) =U, @ - -® U,|GHZ)
Ze-Qian Chen, Phys. Rev. Lett. 93, 110403 (2004)




Bell Inequalities for Hyperentangled States

Hyperentanglement has been demonstrated in recent experiments with two
photons entangled in 2 degrees of freedom (polarization and and in 3
degrees of freedom (polarization, path, and time-energy)

Consider two particles 1 and 2 prepared in the state

: : J . + : ¥ N
)9 =1(100)7100)7” + 01100 + 110)”110)7" W 1y — %
— P11, =]

(D00 g V=1 x N1 (N=1) 5 ) (V)
=(x{Ux 1 xW¥-lixl xPMx ™,y

<X(1)X2U' ;UXgN 1)X2 (N 1)}/(N N} (N}>

+<X“)X£U.\E,,I)X(N_I)X£ «(N “XIN} ':N)Y _. N))

_!_<X(1)Xél)‘21).“x(N 1)X[N 1) gN 1)};(N] (N)X(N ))

For any EPR-type local realistic
y —xWx AL, y-lylN-1), - ”X(”)Xg”hg”)w... !
Reany (1) (1) 1) My )y V) 7




Bell Inequalities for Multipartite
Arbitrary Dimensional Systems

d—1

3
[ [(47 + w"°B}) ) + c.c.

n=1 \j=1

1
73

if d 1s even.

Consider three observers and allow each to independently choose
One of two variables. The variables are denoted by A; and B; for the

Jth observer. Each variable takes, as its value, an element in the set

S ={1.w, W4, ..., w1} where the elements of S are the dth roots Oj‘; 7
. . . f'r" ...:_f,a.- y

unity over the complex field. ~

AN
W. Son, Jinhyoung Lee, and M. S. Kim, Phys. Rev. Lett. 96, 060406 (2006) * t -




Asymptotic Violation of Bell Inequalities

and Distillability
A bipartite state p 1s distillable if, and only if,

there exists a positive integer m and a SLO map () such
that ()] p®"] violates CHSH.

Result 5.—Consider an N-partite state p, an integer m,
and a SLO map () such that the WWZB inequality S is

asymptotically violated by the amount B[Q(p®™")] in the ENIAISIIMeInIanIsIalle: IllaN EIXO))
range

Stochastic local operations

[ Q(N—G—l]ﬁ < ﬁ[ﬂ(p@m)] = 2{N—G)f2‘ (8)

L. Masanes, Phys. Rev. Lett.
Then, pure-state entanglement can be extracted from p 97, 050503 (2006)

when the parties join into groups of at most G people.

entangled <= nonsimulable in general,

distillable <= nonsimulable in the asymptotic scenario.

The second equivalence is only proved for the case K =M =2. Iz
Consider N separated parties, denoted by » 1, ..., N, each having aphysica system which can&q e

measured with one among M observables with K outcomes each.



The BIG Bell Test—Global physics
experiment challenges Einstein with the help
of 100,000 volunteers

The BIG Bell Test Initiative, Movember 30th, 2016. Credit: ICFO

On Navember 30th, 2016, more than 100,000 pecple around the world contributed
to a suite of first-of-a-kind gquantum physics experiments known as The BIG Bell
Test. Using smartphones and other internet-connected devices, participants

contributed unpredictable bits, which determined how entangled atoms, photons,
and superconducting devices were measured in 12 laboratories around the world.
Scientists used the human input to close a stubborn loophole in tests of Einslein's
principle of local realism. The results have now been analysed, and are reported in
this week's Nature.

P & n P
https://phys.org/news/2018-05-big-bell-testglobal-physics-einstein.html ; Z



https://phys.org/news/2018-05-big-bell-testglobal-physics-einstein.html
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e — Challenging local realism with human choices

I liméner wrad the CosmeCaixa sclemes museam, ge-benadcast live in
Chinese by L-F Yuan and the University of Science and Tecnakogy
aof China (LETC), The middle graph sherws the number of conmected

labaratoeies wersus fime, divided pnia experiments nsing nnky photons

volume 557, pages 212-216 (2018)

Figg. X | Ceeusgraphyy ase ilmaieg of the BET. &, Locatioos of the 13 HET
experiments, ardered from eas 1o west. The index numbers label the
experiments, which are sammarized in Table 1. Shading shews total

savsians by country. Eight sessors frons A rasctica are notshien, Map
sreuted by G Codangelis wsiog data from DpeaStnectMags, rendencd
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Table 1 | Experiments carried out as part of the BET, ordered by longitude, from east to west
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Sor 2643 0006 116
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{12y del Concepcdn., Chile Photon time bin 52107 |5 =2 5=243+002 20

(13 MIST Boulder, USA Photon palarization i f K (LES_020)= 107 8.7a
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Loophole-free Bell test — 2015
In 1935, Einstein asked a profound question about our understanding of Nature: are objects

only influenced by their nearby environment? Or could, as predicted by quantum theory,

looking at one object sometimes instantaneously affect another far-away object? We triec
to answer that question, by performing a loophole-free Bell test.

B. Hensen et al., “Loophole-free Bell Inequality Violation Using Electron Spins

Separated by 1.3 Kilometres,” Nature 526, 682 (2015).

M. Giustina et al., “Significant-Loophole-Free Test of Bell's Theorem with |
‘;’ o
4

Entangled Photons,” Phys. Rev. Lett. 115, 250401 (2015). &

L. K. Shalm et al., “Strong Loophole-Free Test of Local Realism,” Phys. Rev. | "
Lett. 115, 250402 (2015).
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measerement and where plivsical influgnces cannod trvel Faster than the spead of lght, Bell's thearsm “ et Informtion Science Program. Canadian Instirte fir Advanced ®esearch, Toroars, Cnanr, Comadi
states that this worldview & incompatible with the predictions of quanbam mechunics, as is expressed in (Reecived 10 November 2005, published 16 Doember 2005)
Bell's mequalities. Previcas experiments convncingly suppemted the gquansum predictions. Yet, every We presend @ loophole-free violation of local realism using entangled phatom pairs. We ensare that all
ahperimenl requings assumplions st provide loopholes for o koecal realist eaplanation. Here, wi repon a vekevant evens in our Bell s ane spacelike separated by placing the parties far cooogh apart and by using
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deviatem effect.
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Quantum Communication Complexity

Classifying N-Qubit Entanglement

Maximal Violation of Bell Inequalities for Mixed
States

Stronger Quantum Correlations with Loophole-Free
Postselection

< Violation of Bell s Inequality beyond Tsirelson’s

Bound

Bell'S Inequalities in quantum network scenarios




Bell Inequalities 3]

Bell inequalities for M qubits (M>3)

Bell inequalities for M qudits (M>3)

M-gudit: M particles in d-dimensional
Hilbert space

M particles, arbitrary dimension, -
multiple settings, multiple outcomesFa=
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Bohr-Einstein debates

Einsteln:

can't believe God plays %’ Q %

dice with the universe.

-

Bohr:
Albert, stop telling God
what to do.
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