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Bellovy nerovnosti

Ill.5 ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

Jonw 8. BeLLt

L. Introduction

THE paraden of Einstein, Podolsky and Rosen [1] was advanced as an argument that quantum mechanics
coald not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restors to the theory coasality asd locality [20. In r:hu note that idea will be formulsted
mathematically and shown to be ible with the inth of quantem Itis
the reqeirement of locality, or more precisely that the result of a measurenent on one Systes be anallected
by operations on & distant system with which it has interscted in the past, that creates the essential dif-
ficulty. There have been attempts [3] to shew that even without such a separability or locality require-
ment ac “hiddes varable' interpretation of quantum mechamics is possible. These attempts have been
examined elsewhere [4] and found wonting. Morecver, a hidden able hlm!ﬁhﬂn of elemeatary quan-
tes theory (5] has been explicitly That particulas i has indeed a grossly noa-
lacal strectere. This is charseteristic, sccording to the result to be proved hess, of any such theary which
reproduces exactly the quantum mechanical predictions.

With the example advocated by Bohm and Ahsronav [6], the EPR argusent is the [ollowing. Consider
@ pait of spin cne-hall particles formed somehow in the singlet spin state and moving freely in oppesite
directions. Measurements con be made, say by Stem-Gerlach magnets, on selected components of the
spiee &, and 3,. Il measuresent of the component 3, 3. where & is some unit vector, yields the value
<1 thes, according to quantum mechanics, messurement of 3,3 must yield the value =1 and vice verss.
How we make the hypothesis [2], and it seems one at least worth considering, that if the twe measure-
ments are made at places remote from one snather the orientation of oae magnet does not influence the
rexult obtained with the othes. Since we can predict in advaace the result of measuriag any chasen conpo-
nent of &, by p the same
weassrement must sctually be predetermined. Since the initial quastum mechanical wave
determine the result of an individaal
complete specification of the state.

Let this more complete specification be effected by means of parameters A. It is & matter of Indiffer-
ence in the following whether A denates & aingle varisble or 3 set, or even a set of funct
the variables sre dizcest ontisuous. However, we write as if A we
The result A of measuring
same instance Is -le:e-mned by B oand A, and

< is then determimed by & and A, and the
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Teorie skrytych parametrt

uplny popis reality [|st), A]
kvantovy stav |st)
skryté parametry A

skryté parametry determinuji vysledky vSech méfreni
nedeterminismus méteni je dan neznalosti skrytych parametra

pravdépodobnosti KM primérovanim pres skryté parametry
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Teorie skrytych parametrt

prameérovani pres skryté parametry

(st|/A|st) = j d a([|st), A])

a([|st), A]) je jednozna¢na hodnota veli¢iny v aplném stavu [|st), 1]
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EPR systém

meéreni korelace
levého spinu ve sméru d a pravého spinu ve sméru b

kvantova predpoved
kxm (c_i, E) = — COS (4511;) =—d-b

teorie skrytych parametrt

- (a, E) — f dA A(d,1)B (B, /1)
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EPR systém

teorie skrytych parametrt
krap (a, E) — j dA A(d,1)B (E, /1)
A(a,1) = +1 hodnota levého spinu ve sméru a

B (E, )L) = +1 hodnota pravého spinu ve sméru b
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EPR systém

teorie skrytych parametrt
krsp (a, E) — j dA A(d,1)B (B, /1)
A(a,1) = +1 hodnota levého spinu ve sméru a

B (E, )L) = +1 hodnota pravého spinu ve sméru b

predpoklad lokality

A(d, 1) hodnota levého spinu nezavisi na pravém smeéru b

B (b, A) hodnota pravého spinu nezavisi na levém sméru a
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Bellovy nerovnosti

antikorelace pro stejné sméry =
A(o,4) = —B(0,A)

primocara algebra =

1+ ksp (B, ¢) = |krsp (d,5) — ksp(d, €

IV. Contradiction

The main result will now be proved. Because p is a normalized probability distribution,
fd)tpb\) =1, (12)
and because of the properties (1), P in (2) cannot be less than ~1. It can reach ~1at 2 = B only if
A, N = -B(3, N (13)
except at a set of points A of zero probability. Assuming this, (2) can be rewritten

P(a B) = -_/:upw A@G N AG N (14)

It follows that ¢ is another unit vector

P(a B) -P(3, o = _ﬁ.\p(;\) [A(a, A) A(B, D) -A(3, A) A(S, A)]
=ﬁap{.\) AGG, N AG, N (AG, N AG, W) -1)

using (1), whence
|P(a, B) -P(a 0| sﬁ:.\p(a}n-a{& A ARG, N)

The second term on the right is P (B, ¢), whence

1+ P332 P& B - Pa 9|
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Bellovy nerovnosti

predpovéd lokalni teorie skrytych parametra spliiuje
1+ ksp (B, ¢) = |krsp (@,5) — ksp(d, ©)

predpovéd kvantové mechaniky nerovnost nespliuje

1-b-&> 5-(5—5)‘ neplati napft. pro (E—E)=e€i
1/ 2
~(b-¢) zela-al o
: )
1, .
— € ZE /O’
2 N\ 2
aleproe < 2 p \A
spor W‘ \4\'

T\ = \E
e \a\ =\p
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Bellovy nerovnosti

kvantovd mechanika neni ekvivalentni
lokdlni teorii skrytych parametrt

experimentalni testy nerovnosti potvrzuji
predpovéd kvantové mechaniky
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Distribuce hesla

dvé agentury distribujici hesla (+1) pro prichozi agenty
Alice Bob

dvé organizace agentti
svétla strana
temna strana

do kazdé z agentur prijde agent, ktery prokdze svoji prislusnost
uloha
ukolem agentur je dat agenttim ze svétlé strany stejné heslo,
ve vSech ostatnich pripadech hesla rtizna
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Distribuce hesla

ukolem agentur je dat agent@im ze svétlé strany stejné heslo,
ve vSech ostatnich pripadech hesla rtizna

klasické strategie distribuce hesel

lokalni strategie mtze dosahnout maximalné 75% tspésnost
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Distribuce hesla

ukolem agentur je dat agent@im ze svétlé strany stejné heslo,
ve vSech ostatnich pripadech hesla rtizna

priklad kvantové strategie distribuce hesel

Alice Bob
|EPR)
svetly —  vysledek méfeni \ svétla — vysledek méfeni —

temny — vysledek méfeni / temna — vysledek méfeni T

zarucuje ~85% uspésnost distribuce hesel
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Mermintv-Perestiv kouzelny ¢tverec
Alice Bob

ctverec N X N

+
- +|—|— +|+
Alice dostane zadany sloupec Bob dostane zadany radek
md ho doplnit + tak aby soucin byl — md ho doplnit + tak aby soucin byl +
ukolem je shodnout se v burice na priiseciku R P
e e
naph
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Mermintv-Perestiv kouzelny ¢tverec
Alice Bob

reseni

dopredu si dohodnout predvyplnény ¢tverec spliiujici podminky

s |+]+]-]- e+ - -+
l+ - -+ S|+ - - +|+
2+ - -+ - BEEn
S|l- -+ + 2 |- -+ 4|+

ukolem je shodnout se v burice na priiseciku

uspésnost je s jistotou zarucena
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Mermintv-Perestiv kouzelny ¢tverec
Alice Bob

Ctverec 3 X 3

doptedu si dohodnout predvyplnény ¢tverec splnujici podminky

I

s |+ |+ | + S+ o+ + |+

al - |- |+ L= S|l - -+ |+

S|+ +  x S|+ + x| «x
-~ =

uplna aspésnost nelze zajistit
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Mermintv-Perestiv kouzelny ¢tverec
Alice Bob

O'y®]1 O'x®]1 Z®]1 lel ]1®Ay ﬂ@é\'x ﬂ®AZ ﬂ®ﬂ
® ® ® | ® ® ® ® ®
0,0l | 0,0l 3’®ﬂ lel ﬁ®Az ]1®5-x ]1®Ay ﬂ@ﬂ
eyt O'y®]1 o,ol | 1ol ﬂ®Az ]1@5'3, ﬁ@Ax lel
K ®A X b2 ® ® X X
xeol | 0yel | 6,0l | 1ol led, 106, 1e6,| lel
x@ﬂ 5‘Z®ﬂ 0'y®ﬂ lel ﬂ@Ax ﬁ@AZ ﬂ®Ay ﬂ®ﬂ
®A ®A & & & ® X X
O'y®]1 O'Z®]1 O'x®]1 el ]1@63, ]1@5'2 ﬁ@&x ﬂ@ﬂ
el 1el 1ol lel 16l 1el
- ® - ® - ® - ® - ® -8
lel 11 1sl lel 1l 1Tel
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Mermintv-Perestiv kouzelny ¢tverec

stav — dvojity EPR stav

IEPR)
1S) = &
IEPR)

Alice a Bob provedou méfeni pozorovatelnych v zadanych sloupci a radku

Q1

(Ize, protoze pozorovatelné komutuji)

vysledky vyplni do sloupce a fadku

(podminky jsou splnény diky platnosti pro pozorovatelné)

na pruseciku se vysledek bude vzdy shodovat
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Mermintv-Perestiv kouzelny ¢tverec

3 X 3 hru lze diky kvantovym korelacim vyhrat vzdy

opet
netrivialita kvantového chovdni
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