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p-complete model:

Space of physical states = space of rays in Hilbert space

A=Y

y-ontic model.

For any preparation procedures .y, Fly,y with [11) 7 [¢2

(AP y ) (A Pyy) = 0 for all A /\/’\

p-epistemic model: 3 |¢1) # [¢o)

| TCXTP 1y ) (A Py ) 7 0 for some A /%\\
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-complete

Eliminate indeterminism

L-supplemented
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- m) = Xoas (1, 1) ={
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The Bell-Mermin model

1
|+ n) & pn(u,u’) = 55(11 —n)
form:-(u+u) >0
O otherwise.

pn(u 4+ U!)

Xm+(u + u’)



The Kochen-Specker model

1

) =n-u forn-u>0
| +n) < un(U)—{g otherwise.

1 form-u>20
0O otherwise.

| + m) « Xn1+(u) = {

pin (1)

Xm-i—(u)



Locality in realist models:
Early Work
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Suppose a region R can be divided into local regions R, R,, ....R,.
A realist theory is said to be separable only if the ontic state space A
of region R is the Cartesian product of the ontic state spaces J-IRI of
the regions R;,
1= A 5 J X
Ap=Ag x Ag,

- X len.

This is the paradigm of field theories
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“No action at a distance’

A separable realist theory is locally deterministic if the ontic state of entities
within a given region of space-time is determined completely by
the ontic state, at any earlier time, of entities lying inside the backward

light cone of that region. ¢
B
p \
/

i
\ y y

A separable realist theory is locally causal if the probabilities for the
different possible ontic states of entities within a given region of
space-time are determined completely by the ontic state, at any

earlier time, of entities lying inside the backward light cone
of that region.
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A realist theorv 1s said to be local if and onlv if it 1s separable and



Einstein’s arguments
concerning the locality of
quantum theory
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Separability

Suppose a region R can be divided into local regions R, R-, ...R,.
Arealist theory is said to be separable only if the ontic state space .1,
of region R Is the Cartesian product of the ontic state spaces Ar of

the regions R,
"’.lR: QlR‘l X "Ile P, R Qan.
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Separability

Suppose a region R can be divided into local regions R, R, ....R,.
Arealist theory Is said to be separable only if the ontic state space 1,
of region R is the Cartesian product of the ontic state spaces Ap of

the regions R,
lR 1)‘?1 X 1R2 I I ;'an.

v-complete model: Hap = Ha @ HE
PHap # PHa X PHB
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Separability

Suppose a region R can be divided into local regions R, R, ....R.,.
Arealist theory Is said to be separable only If the ontic state space .1,

of region R Is the Cartesian product of the ontic state spaces Ap of
the regions R,

1R 1R1x 1R2 w5 % xlen.

-complete model: Hap =Ha @ HE
PHap # PHa xPHp  not separable

-ontic model: AaB = (YaB,waB)
Aap = (Aa,AB)7
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Separability

Suppose a region R can be divided into local regions R, R,, ...R,.
Arealist theory is said to be separable only if the ontic state space .1,

of region R Is the Cartesian product of the ontic state spaces Jlglof
the regions R,
411[{ — AIR‘I X 41R2 n . " s X 41Rn ;

-complete model: Hap =Ha @ HE
PHap #PHa xPHe  not separable

-ontic model: AaB = (YaB,waB)
AaB = (A2, AB)7
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Separability

Suppose a region R can be divided into local regions R, R,, ...R,.
Arealist theory is said to be separable only if the ontic state space .1,
of region R is the Cartesian product of the ontic state spaces Ap of

the regions R,
lH 1R1x 11"_\’2 AU S SR JRn.

v-complete model: Hap = Ha @ HE
PHap #PHa xPHp  not separable

y-onticmodel:  Aap = (VaB,waR)
Aag = (A4, AB)7
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Separabllity

Suppose a region R can be divided into local regions R, R, ....R,.
Arealist theory Is said to be separable only if the ontic state space g

of region R Is the Cartesian product of the ontic state spaces .1 of
the regions R,

;'1}:{: ‘1R1 X ‘-'le " & AR ;an .

-complete model: Hap =Ha @ HE
PHap #PHAa xPHe  not separable

-onticmodel: A p = (Vap.wap)
Aap = (Aa,AB)7 not separable
(with a caveat)

Einstein: “The field in a many-dimensional coordinate space does not

smell like something real”
“If onlv the undulatoryv fields introduced there could be transplanted



A separable realist theory is locally deterministic if the ontic state of entities
within a given region of space-time is determined completely by

the ontic state, at any earlier time, of entities lying inside the backward

light cone of that region. ¢
(AN
/ \‘
/
\

v y

“No action at a distance”

A separable realist theory is locally causal if the probabilities for the
different possible ontic states of entities within a given region of
space-time are determined completely by the ontic state, at any

earlier time, of entities lying inside the backward light cone
of that region.
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A realist theorv is said to be local if and onlv if it is separable and



“No action at a distance’

A separable realist theory is locally deterministic if the ontic state of entities
within a given region of space-time is determined completely by

the ontic state, at any earlier time, of entities lying inside the backward

light cone of that region. ¢
(A)
/ \
/

a
\ . y

A separable realist theory is locally causal if the probabilities for the
different possible ontic states of entities within a given region of
space-time are determined completely by the ontic state, at any

earlier time, of entities lying inside the backward light cone
of that region.
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A realist theorv is said to be local if and onlv if it is separable and






MR EINSTEIN® Despite being conscious of the fact that 1 have not

entered deeply enough into the essence of quantum mechanics, never

theless 1 want to present here some general remarks.®




Einstein’s 1927 Solvay argument

£ |°|* were simply regarded as the probability that at a certain point a given
particle is found at a given time, it could happen that the same elementary
irocess produces an action in two or several places on the screen. But the
iterpretation, according to which |¢)|° expresses the probability that this
[a.rti(:le is found at a given point, assumes an entirely peculiar mechanism
f action at a distance, which prevents the wave continuously distributed in
paeEfPom producing an action in fwo places on the screen. e




Einstein’s 1927 Solvay argument

¥) = V2

A) +|B))

“Now, if nothing is observed, this negative result will
signify that the particle is not in box [A] and itis thus in
box [B] in Paris. But this can reasonably signify only
one thing: the particle was already in Paris in box [B]
prior to the drainage experiment made in Tokyo in box
[A]. Every other interpretation is absurd. How can we
imagine that the simple fact of having observed
nothing in Tokyo has been able to promote the
localization of the particle at a distance of many
thousands of miles away?”
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Einstein’'s 1927 Solvay argument

) = V2

A) +|B))

“Now, if nothing is observed, this negative result will
signify that the particle is not in box [A] and itis thus In
box [B] in Paris. But this can reasonably signify only
one thing: the particle was already in Paris in box [B]
prior to the drainage experiment made in Tokyo in box
[A]. Every other interpretation is absurd. How can we
imagine that the simple fact of having observed
nothing in Tokyo has been able to promote the
localization of the particle at a distance of many
thousands of miles away?”
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Einstein’s 1927 Solvay argument
Adapted to spin

Suppose
)=z (|+ )+ 2)+ |- 2)- =)

At A one measures {|+ z).|—z)}

///®\\ // \\\
AN
2 GIN

Pirsa: 09120070



Theorem: Quantum statistics + local causality =2 -incompleteness

Proof by contradiction: (see Norsen, 2005):

W) = 2(1 +2)| +2) + | - 2)| - 2))

Probability theory guarantees that
p(+2z4, +2zp|V) = p(+24|V)p(+2zp|V,+24)

By local causality
= y A
p(EB|A, Ey) = p(ERB|A) O B
where 7. is a complete description B/ AN
b
y-completeness > A=V A

p(+zp|V, +z,4) = p(+zp|V)
o 3 1
irsa:(;l;tlys p(+z‘4’ -I_ZBlw) = p(+Z_/1|W)p(+Z‘I3|W) . 5 X MQL :ge32_é



| Theorem: Quantum statistics + local causality - -incompleteness

Proof by contradiction: (see Norsen, 2005):

W) = 2(| +2)| +2) + | - 2)| - 2))

Probability theory guarantees that
p(+2z4, +2zp|V) = p(+24|V)p(+2zp|V,+24)

By local causality

p(EB|\, E4) = p(Eg|A) \

where 7. is a complete description W b
A

p-completeness > A=Y
p(+zp|V,+z,4) = p(+zp|V)

Thus p(424, +25|V) = p(+24|V)p(+2p|V) =5 x 5 = 4
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MR BOHR." — I feel myself in a very diflicult position because I don't
understand what precisely is the point which Einstein wants to [make|.

No doubt it is my fault.

3

- - - & - o .
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PHYSICAL

REVIEW

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

A. EixstEIN, B

PopoLsky aAND N. Rosex, Insistute for Advanced Study, Princeton, |

v Jersey

(Received March 25, 1935)

In a complete theory there is an element corresponding
A sufficient condition for the
ility of predicting

to each element of reality.
reality of a physical quantity is the poss
ii 'ﬂil|| l,t'll.lill:_'-_ \\illu.rul L!:.\_tl;l.l:uH I](t‘ syvslein. t-l
quantum mechanics in the case of two physical quantities
described by non ('urll:t'-lll;ltg opcrators, the ]»il'ilr‘-\'h'.'-'igf 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 (‘-.J,'n;r[t'ti: or (2) these two
quantities cannot have simultaneous reality. Considerati

of the problem of making predictions concerning a syst

on Lhe basis of ineasurements imade on another systein that
had previously interacted with it leads to the result that if
(1) ia falsec then
that the description of reality as given by a wave function

2) is also false. One 15 thus led to conclude

1% not « llhlidu‘.t_r



The EPR argument

EPR completeness condition:

Every element of the physical reality must have a counterpart in the
physical theory
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The EPR argument

EPR completeness condition:
Every element of the physical reality must have a counterpart in the

physical theory

Every attribute must have a counterpart variable in the physical theory.
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The EPR argument

EPR completeness condition:
Every element of the physical reality must have a counterpart in the
physical theory

Every attribute must have a counterpart variable in the physical theory.

EPR criterion 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 reality corresponding to that quantity.
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irsa:

The EPR argument

EPR completeness condition:

Every element of the physical reality must have a counterpart in the
physical theory

Every attribute must have a counterpart variable in the physical theory.

EPR criterion 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 reality corresponding to that quantity.

If. without in any way disturbing a system, we can predict with certainty
(i.e., with probability equal to unity) the outcome of a measurement
procedure, then there exists an attribute associated with that

09120070

measurement.
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The EPR argument

0 7N

V)

[v¥) = [dxq dzo 6(z1 — x2)|x1)|22)
= [dp1 dps 6(p1 + p2)|p1)|P2)

On particle 1, measure either X or P

If a measurement of X is made on 1, then an attribute X exists for 2

09120070 ge 41/55

éy [ocality, the existence of the attribute for 2 cannot be dependent



The EPR argument

ﬂ JON
/ y{/

)

[Y¥) = [dxq dxzo 6(z1 — x2)|x1)|22)
= [dp1 dp3 6(p1 + p2)|p1)|P2)

On particle 1, measure either X or P

If a measurement of X is made on 1, then an attribute X exists for 2
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éy [ocality, the existence of the attribute for 2 cannot be dependent



The EPR argument
Adapted to spin

3O

3’,_( +z)|+ 2 )+
g ([ x)+ x)+ |- x)}- x))

On particle 1, measure either {|+z).|-2)} or {+x).[—x)}

V)
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REVIEW VOLUME 47

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

A. EixstEIN, B. PopoLsky axp N. Rosex, 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)

lr - PRE—Y - P i . . ¥ =i r.

TOBER 15, 19235

FIIYSICAL REVIEW

quantum mechanics is not complete or (2) these two
guantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of imeasurements made on anothes system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One 18 thus led to conclude
that the description of reality as given by a wave function

VOLUME

48

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

N. Bour, Institute for Theoretical Physics, Universily, Copenhagen

(Received July 13, 1935)

It is shown that a certain “criterion of physical reality’ formulated in a recent article with

the above title by A. Einstein, B. Podolsky and N. Rosen contains an essential ambiguity

when it is applied to quantum phenomena. In this connection a viewpoint termed “comple-

mentarity” is explained from which quantume-mechanical description of physical phenomena

would seem to fulfill, within its scope, all rational demands of completeness.




‘... an ambiguity as regards the
meaning of the expression ‘without in
any way disturbing a system’. Of
course, there is in a case like that just
considered no question of a mechanical
disturbance of the system under
iInvestigation during the last critical
stage of the measuring procedure. But
even at this stage there is essentially
the question of an influence on the
very conditions which define the
possible types of predictions
regarding the future behaviour of the
system.”

‘...there can be no question of any unambiguous interpretation of the
symbols of quantum mechanics other than that embodied in the well-known
rules which allow to predict the results obtained by a given experimental

irsa: 09120070 Page 45/55

arrangement described in a totally classical way.”




‘... an ambiguity as regards the
meaning of the expression ‘without in
any way disturbing a system’. Of
course, there is in a case like that just
considered no question of a mechanical
disturbance of the system under
investigation during the last critical
stage of the measuring procedure. But
even at this stage there is essentially
the question of an influence on the
very conditions which define the
possible types of predictions
regarding the future behaviour of the
system.”

‘...there can be no question of any unambiguous interpretation of the
symbols of quantum mechanics other than that embodied in the well-known
rules which allow to predict the results obtained by a given experimental
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arrangement described in a totally classical way.”




Why complicate the argument?
-- Redhead, Fine, Maudlin, Norsen, ...

Maudlin suggests that it was to also beat the uncertainty principle
by establishing the real existence of particle 2's momentum. He
refers to this as “an unnecessary bit of grandstanding (probably

due to Podolsky)” which “plunged the previously simple EPR
argument into the muddy waters of [modal logic and counterfactual
definiteness).”
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Why complicate the argument?
-- Redhead, Fine, Maudlin, Norsen, ...

Maudlin suggests that it was to also beat the uncertainty principle
by establishing the real existence of particle 2's momentum. He
refers to this as “an unnecessary bit of grandstanding (probably

due to Podolsky)” which “plunged the previously simple EPR
argument into the muddy waters of [modal logic and counterfactual
definiteness).”

Einstein’s attitude to EPR

“For reasons of language, this was written by Podolsky after many
discussions. But still it has not come out as well as | really wanted;
on the contrary, the main point was, so to speak, buried by the
erudition.”

«pippatein, letter to Schroedinger, June 1935 (trans. by D. Howagch



Einstein’s own 1935 argument

In correspondence with Schroedinger, June 1935

Einstein’s notion of completeness (distinct from EPR):
...y Is correlated one-to-one with the real state of the real

system ... If this works, then | speak of a compete description
of reality by the theory.” = \y-completeness
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Einstein's own 1935 argument

In correspondence with Schroedinger, June 1935

Einstein’s notion of completeness (distinct from EPR):
...y Is correlated one-to-one with the real state of the real

system ... If this works, then | speak of a compete description
of reality by the theory.” - y-completeness

Einstein’s notion of locality: “.. there can be only one physical
state of B after the interaction, which state cannot reasonably
be considered to depend upon the kinds of measurements |
carry out on the system A separated from B”
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Einstein's own 1935 argument

In correspondence with Schroedinger, June 1935

Einstein’s notion of completeness (distinct from EPR):
...y Is correlated one-to-one with the real state of the real

system ... If this works, then | speak of a compete description
of reality by the theory.” = y-completeness

Einstein’s notion of locality: “.. there can be only one physical
state of B after the interaction, which state cannot reasonably
be considered to depend upon the kinds of measurements |
carry out on the system A separated from B”

“This correlation of several \y-functions to the same physical

state of system B shows again that the \y-function cannot be
interpreted as a (complete) description of a physical state “
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Einstein's own 1935 argument

In correspondence with Schroedinger, June 1935

Einstein’s notion of completeness (distinct from EPR):

...y Is correlated one-to-one with the real state of the real
system ... If this works, then | speak of a compete description
of reality by the theory.” = \y-completeness

Einstein’s notion of locality: “.. there can be only one physical
state of B after the interaction, which state cannot reasonably
be considered to depend upon the kinds of measurements |
carry out on the system A separated from B”

“This correlation of several \y-functions to the same physical
state of system B shows again that the \y-function cannot be
interpreted as a (complete) description of a physical state “

- eagcall: y-ontic view: different y imply different physical states.. ..



Einstein's own 1935 argument

In correspondence with Schroedinger, June 1935

Einstein’s notion of completeness (distinct from EPR):
...y is correlated one-to-one with the real state of the real

system ... If this works, then | speak of a compete description
of reality by the theory.” = \y-completeness

Einstein’s notion of locality: “.. there can be only one physical
state of B after the interaction, which state cannot reasonably
be considered to depend upon the kinds of measurements |
carry out on the system A separated from B”

“This correlation of several \y-functions to the same physical
state of system B shows again that the \-function cannot be
interpreted as a (complete) description of a physical state “

- &aecall; y-ontic view: different v imply different physical states..«.



Einstein's own 1935 argument

Suppose A and B share @\
=__[|l+ z)+ 2+ |- z)|— 2} /
T S RSN

If A measures {|+:z).|-z)}
B's state becomes |+ :g with probability 1/2

—
—

with probability 1/2

If Ameasures  {|+ x).|—x)}

B's state becomes

i xg with probability 1/2
—X) with probability 1/2

(0 . 13
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p(/‘;'./z)=i5(;;—/z') 22el0.L] | |

0 L

* A
If A measures whether A’ €0, é] or not

‘ with prob. 1/2

Her knowledge of B is updated to - S A
_\ with prob. 1/2
v
0 L

At L 3k
If A measures whether 4 € [T*T] or not

with prob. 1/2

Her knowledge of B is updated to L—‘ - A

__L |
r “ with prob. 1/2
0 L A
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