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MAY 15, 1935

PHYSICAL REVIEW

VOLUME 47

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

A, EinsTEIN, B, PobpoLsky anp N. RoseN, Iustitute for Advanced Study, Princeton, New Jersey
(Received March 25, 19353)

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
fuantities 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.
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entangled pairs Bohm and Aharonov PR 1957
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2BV (singlet) IREEZ KT B 1 |P_) = E (104115 —11)410)5)

1-1) Alice B’ Z EETHIE L. ZDHEERN M1, &1&B,
1-2) IRIC. Bob (& Z HEETAELIEETDE 0 &3,
2-1) Alice ® X EETHIEL. ZDERN T+, &1 B,
2-2) RIC. Bob X EETHELEETDE -] £RD,

Alice DEIRIE M /2, TEHAOT. FHERD (£, ODRE LT
P_:Za=1,Xa=+4) sumezzenexrs,

CNSDIRRHS Bob (3FRZEIIT &R CAIEET (). BEIC
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John Stewart Bell (1928-1990)
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nature > letters > article

Published: 24 January 1953

v| A New Focusing Principle applied to the Proton Linear
%7 Accelerator

72) % €, (o) 2. B

Nature 171, 167-168 (1953) | Cite this article

VoLuME 13, NUMBER 2 PHYSICAL REVIEW LETTERS 13 Jury 1964

NUCLEAR OPTICAL MODEL FOR VIRTUAL PIONS*

J. 8. Belll
Stanford Linear Accelerator Center, Stanford University, Stanford, California
(Received 25 May 1964)

Particle Accelerators © Gordon and Breach, Science Publishers, Inc.
- % 1981 Vol.11 pp.233-238 Printed in the United States of America
& -"s' 0031-2460/81/1104/0233%06.50/0

ELECTRON COOLING IN STORAGE RINGS

J. S. BELL and M. BELL
CERN, Geneva, Switzerland

(Received February 2, 1981)

It is found that the effect of “‘flattening™ of the electron velocity distribution is to increase the rate of cooling of
small betatron oscillations by a factor of 2.4, and not by a factor of 4 as often quoted. This is when the cooler
magnetic field is ignored. When it is allowed for. in the usual way, the cooling rate involves a divergent integral
whose regulation depends on the details of particular cases.
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- NUCLEAR OPTICAL MODEL FOR VIRTUAL PIONS*
THIRD EDITION 1. s. Bent

Quantum Mechanics * Quantum ¥» Electrodynamics of
(Non-relativistic Theory) Electrodynamics Continuous Media

- Course of Theoretical Physics Landau and Lifshitz Gi \¢c.
Volume 3 Third Edition Course of Theoretical Physics Landau and Lifshitz Course of Theoretical Physics

b}, = Volume 4 2nd Edition Vofisnie' 8 A
L.D. Landau and E. M. Lifshitz B —
s tscanes i SEMLHShiE snd L P Pltaen L.D: Landau; EM. Lifshitz and L.P. Pitaevsil
L. D. LANDAU anp E. M. LIFSHITZ | P . s

‘Translated by J.B. Sykes, J.S. Bell and M.J. Kearsley.

INSTITUTE OF PHYSICAL PROBLEMS, U 55 R, ACADEMY OF SCIENCES
Volume | of Course of Theoretical Physics

Translated from the Russian by
J. B. 5YKES axp J. 5. BELL
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Bell Physics 1964

ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J. S. BELLT
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

VYI. Conclusion

In a theory in which parameters are added to quantum mechanics to determine the results of individual
measurements, without changing the statistical predictions, there must be a mechanism whereby the set-
ting of one measuring device can influence the reading of another instrument, however remote. Moreover,
the signal involved must propagate instantaneously, so that such a theory could not be Lorentz invariant.

Of course, the situation is different if the quantum mechanical predictions are of limited validity.
Conceivably they might apply only to experiments in which the settings of the instruments are made suffi-
ciently in advance to allow them to reach some mutual rapport by exchange of signals with velocity less
than or equal to that of light. In that connection, experiments of the type proposed by Bohm and Aharonov
[6], in which the settings are changed during the flight of the particles, are crucial.
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R7E :

1) ETk :
Alice / Bob (% a / b & WSAIEEES*EH U=,
AIERRIEENZZHNICE>TEE DTS5 NS,

A(a,b,\), B(a,b,\)

2) BFTE : A(a, ) := A(a, by, \) = A(a, by, A)
B(b,\) := B(a1,b,\) = B(az, b, \)

3) BIERBROHIRE : |A(a, )| =1, |B(b,A)| =1
4) AERBRDTEREEA :

a=0b= Aa,\) = —B(b,\)
Z DIREDE(CHE SN RER 3

1+ P(3 3 2|P(3 B - P(3 9]


https://journals.aps.org/ppf/abstract/10.1103/PhysicsPhysiqueFizika.1.195

CHSHAZER [BRRN=EEIEROAER]
Clauser, Horne, Shimony, Holt PRL 1969
Bell Proceeding of Summer School 1971

IRTE -

1) EEH -
Alice / Bob (& a / b & WSBIEEER 5 E U726,
AIERRIIENTZEH)\CE > TEE D (F5 NS,

A(a,b,\), B(a,b,\)

2) RBP4 T A(a, \) := A(a, by, \) = Ala, by, )
B(b,\) := B(ay,b, \) = B(az, b, \)

3) FIEMROHIE : |A(a,\)| <1, |B(b,\)] <1

m) S:=|E(a,b)+ E(d,b) + E(a,b") — E(d’,b")| <2
#72 Ue B(a, b) = / p(N)Aa, b N Bla,b NdA &t [ po0in =1

AFRDENENT LEEFNFDORIULZITRL TULRL,
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CHSHAZFZ X DEIEER

Clauser, Horne, Shimony, Holt PRL 1969
Bell Proceeding of Summer School 1971

v), B:=A(d',7), v := B(b,~
EEERTDEJTERBROHFPRKID. [ay| <1, |ad] <1,

), 6 :=B(V, )
By <1, |86 <1

(B = a)d

B+ a)lly +1(6 = a)l[d]

=|lay+By+ad — B =|(B+a)y —
<|(B+a)y[+ (8 — )i
= I( )
<|(B+a)|+[(B -

< 2

—(B+a)-

a)|

(B+a+tf-—a=23
B4+a—(8—a)=2«
—(B+a)+B8—a=-2a

(B—a)=-25
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Freedman-Clauser W38 (1972)
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Popescu, Rohrlich, Found. Phys. 1994

a={0,1} b= {0,1}

FERPRIE

. % ona®b=XY
Popescu-Rohrlich Box Pab| XY ‘= .
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Brunner, Skrzypczyk, PRL 2009

a=1{0,1} b=10,1}
Popescu-Rohrlich (PR) Box
PR % ona®b=XY
Pap|x)y =

0 otherwises
Perfect Correlated Box

%ona@b:(]

0 otherwises

Correlated Non-Local Box

Pz,bpf,y :{
X =1{0,1} Y ={0,1}

e—NL . PR C
Popixy = Pap|x,y T (1— E)Pa,mx,y

1

Exy = Z (1) *papixy
a,b=0

S:=Foo+FEio+Fo1—FEi1=2(1+¢€)
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Participation (sessions)

2 CWL\S Loophole (Big Bell Test)

Nature 2018

S ocoup Yy
mrmnucmns-f
T -:."'-'\ k0,
u-"'”‘ T ——— ""\-— = - e
'-.---J# - h:‘%: '
i" = F'HYSICAL RANDOM P ait!
NUMBERS il :
RNG il ‘H-’ir 2

b o[ .00 ,g‘ﬁf . ———

Experiment Lead Institution Location Entangled system Rate (bps) Inequality Result Stat. sig.

(D Griffith University Brisbane, Australia Photon polarization 4 S16 <0511 8§1=0.965+0.008 570

(2) University of Brisbane, Australia Photon polarization 3 S| <2 Sap=2.75+0.05 150

Queensland & EQUS Sgc=2.79+0.05 160

) USTC Shanghai, China Photon polarization 103 PRBLG30 lp=0.10+0.05 N/A

4) 1Q0QI Vienna, Austria Photon polarization 161x10® |S|<2 ShrRn=2.639+0.008 8los
Sorn=2.643 £0.006 1160

(5) Sapienza Rome, ltaly Photon polarization 0.62 B<1 B=1.225+0.007 320

(6) LMU Munich, Germany Photon-atom 1.7 S| <2 SHrRn=2.427 £0.0223 190
Sorn=2.413+0.0223 18.50

(7) ETHZ Zurich, Switzerland Transmon qubit 3x103 S| <2 $=2.3066+0.0012 P<107%°

(8) INPHYNI Nice, France Photon time bin 2x103 |S| <2 S=2.431+0.003 1400

(9) ICFO Barcelona, Spain Photon-atom ensemble 125 |S| <2 §=2.29+0.10 29

(10) ICFO Barcelona, Spain Photon multi-frequency bin 20 |S] <2 §=2.25+0.08 3.1c

(1D CITEDEF Buenos Aires, Argentina  Photon polarization 1.02 S| <2 §=255+0.07 7.8a0

(12) UdeC Concepcion, Chile Photon time bin 52x10% S| <2 §=243+£0.02 200

(13) NIST Boulder, USA Photon polarization 10° K<0 K=(1.65+0.20)x10* 870
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https://www.worldscientific.com/doi/abs/10.1142/S0219749903000061

BSAEZZTHIELNEL

- TRfTE) BBRREIESSD?
s BERZETARD HRELIELY) KICHBRREIRZTE?
» AIFRE - BEIRRIRE (CHBL T,
DAIE) BORPIERBERICIRE UTWLWRWESSH ?
- bDPIRE (FIZ (L. ZREBVRTE) FCRFRDRVH?

» Singlet state (IEEICERADH DIVIRRETIE?
"BPTBYICIRIENTE B, singlet state (ITFET DH\?
BN F) ZEERT DEFICHEAME>FEWVDOL ?

» 2 CEAIE LT

iF &

20 UDVRIE L7 U

FCEWLWNHDIH?

» FFRPTVSRAIEZ UL TWLWBOJREED H DD T(EIRWLH ?



=)

NIVAFER DN

BiE, SEFHFEDIELESZTRITDOHDTIEAERL,

e L—TR—IILOADBRETIE
NILVRZERDIEN(FESE (CTEN B,

IL—THR—ILBRUDONILRERORNE
Wix< &, FEEPMMERDOFEZBARRAICIRILT B,

ST NFICEZBUDBNDIES DD 7?
« L—TR—=ILZ DRI NILAERDIFNEERD
BAEDIIZE, ECHKEFNFORVZEIRIT ZETH D,

HaE

BRI FHZOEEFEAN TIBEENE L 8D ?



	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	スライド番号 5
	ベル不等式の破れ�実証に向けた歴史��詳しい導出等は�東京大学大学院数理科学研究科�「応用数理特別講義Ⅲ」�10月20日(月)～24日(金)�講義室 123
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15
	スライド番号 16
	スライド番号 17
	スライド番号 18
	スライド番号 19
	スライド番号 20
	スライド番号 21
	ベル不等式の検証実験に対する�イチャもんの数々 ( Loophole )
	量子力学検証の問題点
	スライド番号 24
	スライド番号 25
	スライド番号 26
	スライド番号 27
	スライド番号 28
	スライド番号 29
	スライド番号 30
	ベル不等式の破れ�≠ 量子力学が正しい��Loophole なし�ベル不等式の破れ�= (量子？)非局所性の存在
	スライド番号 32
	スライド番号 33
	スライド番号 34
	スライド番号 35



