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EPR’s Reality Criterion

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. (Einstein et al., 1935, p. 777)



EPR’s Reality Criterion

« is a “reasonable” principle which is “in agreement with classical as
well as quantum-mechanical ideas of reality” (EPR)

« “contains an essential ambiguity when it is applied to quantum phe-
nomena” (Bohr 1935)

« is an “unwarranted assumption” requiring that “probability-1
judgments are necessarily backed up by objective facts-on-the-
ground—elements of physical reality” (Fuchs et al. 2014)

« articulates the kind of “classical realism” that can no longer be main-
tained in the quantum domain, as is conclusively demonstrated by
Bell’s theorem (Werner 2014)

« is an “analytic” truth, “just not the sort of thing that can coherently
be denied” (Maudlin 2014)



Main claims

1. The EPR argument, making use of the Reality Criterion, proves that
the minimal and the Copenhagen interpretations of QM are incom-
plete.

Einstein’s later arguments, making no use of the Reality Criterion,

prove that the Copenhagen interpretation is inadequate.

2. The Reality Criterion is a special case of the Common Cause Princi-
ple.



The EPR-Bohm scenario
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Minimal interpretation

State — preparation of an ensemble of systems (V;— P )
Events — measurement settings and outcomes

Quantum probability — conditional probability of outcomes
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Copenhagen interpretation

State — property of an individual system (U, — 1))
Events — collapses

Quantum probability — conditional probability of collapses
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Copenhagen interpretation

State — property of an individual system (U, — 1))
Events — collapses

Quantum probability — conditional probability of collapses
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The Copenhagen interpretation is W-ontic: 1, and 1), are incompatible
elements of reality if U, # U,
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The EPR argument

« Premise 1. “without in any way disturbing a system”
— Holds due to spacelike (causal) separation
« Premise 2. “we can predict with certainty”

— Holds due to perfect anticorrelation («— minimal interpretation)

p(AANBlaANbDA Ps) =0
« Reality Criterion: “there exists an element of physical reality”

« Assuming no-conspiracy, there must be elements of reality in all di-
rections in all runs.

« Conclusion: The minimal and the Copenhagen interpretations are
incomplete.



Einstein’s latter arguments

“Consider a mechanical system consisting of two partial systems A and B which interact
with each other only during a limited time. Let the W function before their interaction
be given. Then the Schrodinger equation will furnish the W function after the interac-
tion has taken place. Let us now determine the physical state of the partial system A
as completely as possible by measurements. Then quantum mechanics allows us to de-
termine the W function of the partial system B from the measurements made, and from
the W function of the total system. This determination, however, gives a result which
depends upon which of the physical quantities (observables) of A have been measured
(for instance, coordinates or momenta). Since there can be only one physical state of B
after the interaction which cannot reasonably be considered to depend on the particular
measurement we perform on the system A separated from B it may be concluded that
the W function is not unambiguously coordinated to the physical state. This coordina-
tion of several W 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 of a single
system.” (Einstein, [1936] 1954, p. 317)



Einstein’s latter arguments

“Consider a mechanical system consisting of two partial systems A and B which interact
with each other only during a limited time. Let the ¥ function before their interaction
be given. Then the Schrodinger equation will furnish the W function after the interac-
tion has taken place. Let us now determine the physical state of the partial system A
as completely as possible by measurements. Then quantum mechanics allows us to de-
termine the W function of the partial system B from the measurements made, and from
the W function of the total system. This determination, however, gives a result which
depends upon which of the physical quantities (observables) of A have been measured
(for instance, coordinates or momenta). Since there can be only one physical state of B
after the interaction which cannot reasonably be considered to depend on the particular
measurement we perform on the system A separated from B it may be concluded that
the W function is not unambiguously coordinated to the physical state. This coordina-
tion of several W 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 of a single
system.” (Einstein, [1936] 1954, p. 317)



Einstein’s latter arguments (counterfactual version)

« Premise 1. The quantum state assigned to B in a given run by the
Copenhagen interpretation would be different, had we performed a
different measurement on A.

« Premise 2. Due to locality and no-conspiracy, the real physical state
of B cannot depend on which measurement is performed on A.

« Conclusion: The Copenhagen interpretation is inadequate. (over-
coordination)



Einstein’s latter arguments (statistical version)

« Premise 1. On the Copenhagen interpretation there is a correlation
between the quantum states assigned to B and the measurements
performed on A.

« Premise 2. Due to the Common Cause Principle, this correlation
must result either from a direct or from a common causal connection.

« Premise 3. Spatial separation rules out a direct causal connection;
no-conspirary rules out a common cause.

« Conclusion: The Copenhagen interpretation is inadequate.

Incompatibility of the different quantum states is necessary for the argu-
ment!



Completeness and V-completeness

« Complete/incomplete
« W-ontic/W-epistemic
« U-complete/V-incomplete

— Copenhagen interpretation: V-ontic and V-complete
— Minimal interpretation: W-epistemic and V-incomplete

— (Bohmian mechanics: W-ontic and V-incomplete)

- Einstein’s latter arguments: locality + no-conspiracy = not W-ontic
= U-incomplete % incomplete

« EPR argument: locality + no-conspiracy + Reality Criterion = in-
complete

« (Bell: nonlocality; PBR: W-ontic)



The EPR argument and Einstein’s latter arguments

« The EPR argument is

— an incompleteness argument,

— directed against both the minimal and the Copenhagen inter-
pretation,

— based on perfect correlation,

— making use of the Reality Criterion.
- Einstein’s latter arguments are

— “inadequateness” arguments,
— directed against the Copenhagen interpretation,
— making use of neither perfect correlation,

— nor the Reality Criterion.



Second main claim

The Reality Criterion is a special case of the Common Cause Principle.



Reality Criterion

“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.” (Einstein et al., 1935, p. 777)
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Prediction

« A prediction is an (ideally strong) correlation between two events:
the act of predicting something (A) and the predicted event (B):

p(ANA B) # p(A)p(B)

« The predicted event is not a cause of the predicting event: B - A



Prediction

« A prediction is an (ideally strong) correlation between two events:
the act of predicting something (A) and the predicted event (B):

p(ANA B) # p(A)p(B)

« The predicted event is not a cause of the predicting event: B - A

Reality Criterion adds:

« “without in any way disturbing a system”™ neither the predicting
event is a cause of the predicted event: A » B

« “predict with certainty”: the correlation between the two events is
perfect: p(B|A) =1



The Common Cause Principle

If there is a correlation between two events and there is no direct causal
connection between the correlating events, then there always exists a
common cause of the correlation.

Formally: If
p(AN B) # p(A)p(B)

A-»B, B-»A
then there are events {C;} such that

p(A A B|C;) = p(A|C;)p(B|C;)
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and there are no events {D; } such that
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The Common Cause Principle

If there is a correlation between two events and there is no direct causal
connection between the correlating events, then there always exists a
common cause of the correlation.

p(ANA B) # p(A)p(B)
A-»B, B-»A

then there are events {C;} such that
p(A A B|C;) = p(A|C)p(B|C;)
C;— A B
and there are no events {D; } such that
D; — A, B,C;

Reality criterion: the correlation is perfect — the common cause is de-

Formally: If

terministic — outcome is predetermined.



Conclusions

« EPR argument: In accord with the Common Cause Principle, causal
explanation for perfect correlations of spin outcomes respecting lo-
cality and no-conspiracy requires that spin values in all directions
be predetermined.

- Einstein’s later arguments: Quantum state collapse entails cor-
relation between the choice of measurement in one wing and the
quantum state of the particle in the other wing. The Common Cause
Principle requires casual explanation. Due to locality, there cannot
be direct casual connection; due to no-conspiracy, there cannot be
common causal connection either. Hence, the correlation entailed
by the laws of Copenhagen QM has no causal explanation.



Conclusions

« The two arguments employ two different versions of the Common
Cause Principle:

— Einstein: every correlation must have causal explanation of
some sort
— EPR: perfect correlation, in the absence of direct causal connec-

tion, must be brought about by a deterministic common cause

« This latter version, which is indispensable for the incompleteness
arguments, is what we came to call the Reality Criterion.



More on this...

« Marton Gomori and Gabor Hofer-Szabd, "On the meaning of EPR’s
reality criterion," (submitted).



