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‘Spooky Action’ Is Real.
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In a landmark study, scientists at Delft University of Technology in the
Netherlands reported that they had conducted an experiment that they say proved
one of the most fundamental claims of quantum theory — that objects separated by
great distance can instantaneously affect each other’s behavior.

The finding is another blow to one of the bedrock principles of standard
physics known as “locality,” which states that an object is directly influenced only
by its immediate surroundings. The Delft study, published Wednesday in the
journal Nature, lends further credence to an idea that Einstein famously rejected.
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLsky AND N. RosEN, Iustitute 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)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measureménts 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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against local realism

v 1. Quantum theory cannot be described by local hidden variables.
Proved by John Bell in 1964

X 2. Anylocal-realistic world must be described by local hidden variables.
That’s the point of this talk!

3 Quantum theory cannot beand{}ealistTQ

(Matthew Leifer, this morning)
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This is the case of
Quantum theory!
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Not possible at the phenomenal level in quantum theory!
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Principle of realism: There is a real world whose state determines the
outcome of all observations.

Principle of locality: No action taken at some point can have an instantaneous
effect at some remote point.

Principle of local-realism: In addition to locality and realism, anything
observable at some point is a function of the state of the world at that point.

Principle of non-signalling: No action taken at some point can have any
instantaneous observable effect at some remote point.

Theorem: Local realism implies non-signalling.
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But... doesn’t Bell’s Theorem precludes this?
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Theorem: Tt is impossible to
explain Quantum Theory

John Bell with local hidden variables
(as correctly stated in his 1964 paper)

That’s different!

Local hidden variables is not the
only way to be local and realistic
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Two keys towards a solution:

1) Tests of Bell inequality are not complete

until Alice’s and Bob’s data are compared.
This cannot be faster than the speed of light!

2) Measurement outcomes never have to
become fixed and definite:
All possible results can occur simultaneously!

Smells of Everett's Many-Worlds?
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Third Theorem

3) In a local-realistic interpretation of quantum theory
the noumenal state of the Universe cannot be
its quantum-mechanical wavefunction.

Question (EPR 1935): Can quantum-mechanical description
of physical reality be considered complete?

Answer: No!l (under the metaphysical assumption of locality)

Bell (1987): Either the wavefunction, as given by the
Schrodinger equation, is not everything, or it is not right.
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It’s also true of Popescu-Rohrlich nonlocal boxes.

Hence "nonlocal" boxes are in fact local!
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Very subjectively—I find the most interesting contribution to be the work by Brassard and
Raymond-Robichaud [11], “Parallel Lives: A Local-Realistic Interpretation of ‘Nonlocal” Boxes”.




PARALLEL LIVES: A LOCAL=REALISTIC INTERPRETATION OF “NONLOCAL" BOXES

GILLES BRASSARD AND PAUL RAYMOND-ROBICHAUD, UNIVERSITE DE MONTREAL

Abstract:

We show how local realism can be consistent with bipartite correlations that are usually considered to be nonlocal.
For this purpose, we conduct a thought experiment in an imaginary world.

Imaginary World:

Our imaginary world follows the principles of Locality and Realism.

Principle of Locality: No action taken at some point can have any effect elsewhere at a speed faster than light.

Principle of Realism: There is a real world whose state determines the outcome of all observations.

A PR box has a "0" and a "1” button. Whenever a button is pushed, it instantaneously flashes a green or a red light
with equal probability. If Alice and Bob both push a button, they will discover when they meet that they have seen
different colours precisely when they had both pushed the “1" button.

(Note that the PR box does not enable instantaneous communication between Alice and Bob)

Alice and Bob test their boxes wi

this protocol:

e Einst

- Alice's pushing of a button cannot have any instantaneous effect on Bob's system by the principle of Locality.

- After Alice pushes her button, she can know with certainty what colour Bob will see depending on which button he
pushes. (For example, if Alice pushes “1” and sees green, she knows that if Bob pushes "0 he will see green)

-Since it is possible for Alice to predict with certainty what colour Bob will see when he pushes a button, without
influencing his system, it must be that his observations were predetermined.

- The observations of Bob should be described by local hidden variables BO and B1.

B1 = 0 if Bob will observe green after pushing “1*
B1 = 1 if Bob willobumndoﬁarpug:ng"’l"

-Likewise, Alice’s system should be described by local hidden variables AO and A1.
0"

odolsky-Rosen Argument

BO = 0 if Bob will observe green after pushing "0"
BO = 1 if Bob will observe red after pushing “0"

if Alice will observe green after pushi
if Alice will observe red after pushing

*A local hidden variable theory would give a local realistic explanation for this experiment.

Bell's Theorem: Local hidden variable theories can only produce PR boxes that work at most 75% of the ti
Proof: A local hidden variable theory of these

i llowing 4 ions:
Lo e ety (o Iy & eoreits Summing these equations on both sides and rearranging the terms:

Aa + m = EUEN o B o T o .
= (58+:%) (3= 8): (2 =%) (b H)
< B | D )
< + %= —rn
o s

people have concluded that any world that could produce PR boxes that work more than 75%
of time cannot be Local and Realistic. Remarkably, g hani bles PR
work 85% of the time. Must we lude that

This implies: Odd = Even!

It is not possible for all four equations to be correct. At least one of
the four possible choices of buttons pushed will give incorrect results.

hani

boxes
cannot be Local and Realistic?

Each spaceship resides inside a bubble.

When Alice pushes a button on her box (here "1”), her bubble splits
into two bubbles. Each bubble contains a copy of its spaceship and its
inhabitant. Inside one bubble, Alice has seen the red light flash:

inside the other, she has seen the green light flash. From now on, the
two bubbles are living parallel lives. They cannot interact in any way
and will never meet again. Notice that this phenomenon is strictly local.

The same phenomenon takes place when Bob pushes a button on
his :ox h(here "0"). Let's see what happens when they travel toward
each other.

Each of the two bubbles that contain Alice is allowed to interact
with and see only a single bubble that contains Bob, namely the
one that satisfies the equations described above.

Note that such a perfect matching is always possible. Furthermore, each bubble can “know" with which other bubble
interact provided it keeps a local memory of which button was pushed and which light flashed. Alice and Bob will be
under the illusion of correlations that seem to emerge from outside space-time.
In our imaginary world, the Einstein-| -Rosen argument does not hold because whenever Alice pushes a button

ict ing about Bob, what she is really predicting is not what is happening simultaneously at Bob's
rather how their various lives will interact in the futu

The virtue of our imaginary world is to demonstrate in an exceedingly simple way that local reality can produce
correlations that are impossible in any classical theory based on local hidden variables.

In h

q

a theory to this one can be traced back at least to Deutsch and Hayden.

Perhaps we live parallel lives?
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Two Theorems

1) All local-realistic theories are non-signalling.

2) All non-signalling theories are local-realistic

(provided they obey reversible dynamics)
given an appropriate definition of noumenal states.

This includes unitary quantum mechanics.

It’s also true of Popescu-Rohrlich nonlocal boxes.

Hence "nonlocal" boxes are in fact local!

This is the simplest possible proof that the violation
of a Bell inequality does NOT rule out local realism!
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The Imaginary World

Several slides below are borrowed from Christoph Miller and Fabio Streun
from original drawings by Louis Fernet-Leclatir.
Earlier similar ideas by Colin Bruce in Schroédinger’s Rabbits (2004).
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Nonlocal Boxes

Invented by Sandu Popescu and Daniel Rohrlich, Foundation of Physics, 1994 (“PR-boxes”)
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Nonlocal Boxes: Summary

™

Comein pairs

Push button = 50 % red, 50% green

Magic Rule
A B Output
o o Y¥Y/VY
o 1 YY/VY
1 o YY/WY

1 1 9999
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Experiment: Use the Box
- — Alice knows that:

If Bob pushes O
he will see green.

If Bob pushes 1
he will see red.

EPR Argument: the
behaviour of Bob's
Box is predetermined
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Testing the Boxes

e o »

Output
THET,
vY 1 9¥

Result:

Boxes follow the magic rule
(colours don't match < both pressed 1)

100% of the time! = perfect boxes

Possible only in imaginary world...
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Any world containing nonlocal boxes that IMPOSSI b I € Cadn be
work with a probability better than 75% . .
cannot be both local and realistic. accom pl |Shed IN a

In particular the Quantum World local-realistic world!
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say Alice pushes button 1

w Alice, box and spaceship split!
One Alice sees @ the other sees ‘.\?

No interaction ever between the Alices

) Neither is aware of the existence of the other
Split ripples through space, but no faster than light

A|| ce In particular, no instantaneous effet on Bob whatsoever
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A|| ce In particular, no instantaneous effet on Bob whatsoever
Say Bob pushes button O
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The Key Idea

In our imaginary world, the EPR argument
does not hold because whenever Alice
pushes a button and can predict something
about Bob, she is really predicting not what
is happening simultaneously at Bob's place
but how their various lives will interact in
the future.
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It is to claim that

any world that violates
Bell inequalities
has to be nonlocal

How about Quantum Theory?
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All information in quantum systems is, notwithstanding Bell’s theorem, localized.
Measuring or otherwise interacting with a quantum system S has no effect on
distant systems from which S is dynamically isolated, even if they are entangled
with S. Using the Heisenberg picture to analyse quantum information processing
makes this locality explicit, and reveals that under some circumstances (in particular,
in Einstein—Podolsky—Rosen experiments and in quantum teleportation), quantum
information is transmitted through ‘classical’ (i.e. decoherent) information channels.

Keywords: entanglement; non-locality; quantum information;
Heisenberg picture; locally inaccessible information




Conventional Wisdom: The violation of Bell’'s inequality is
incompatible with local realism.

Fact: This is false!
Truth: The violation of Bell's inequality is
incompatible with local hidden variable

theories. That's different!

What about Quantum Mechanics? Can it be local realistic,
Bell's Theorem notwithstanding?

Yes! It can! This was prophecised by Everett;
explained by Frank Tipler to David Deutsch;
published by Deutsch and Hayden (2000).

Can it be done in a simple way? YES!... See this poster!

Desiderata for Local Realism

» Systems should have local physical states.
» Systems should undergo local evolution.
» The whole should be fully described by its parts.

»All possible observations of a system should be
determined by its physical state.

More Formally...

~ For any system X, let MX denote its state.

»Separation:

MA =t (MAB) and MZ =1try (MAB) .
»Merging:

MAB = MA e MB.
Even for entangled states!
» Evolution:
MA = U(M{‘) .

» Separate Evolution:

(Us V) (MAB) - U(MA> © v(MB) ,
» Predictions of Quantum Mechanics:

ot = f(MA).

Parallel Lives: Why q

Observations commute with evolution and tracing out.

w— Y U (MA) w8 A

f f f f
A (A B oA
P U U(p" 4 g P

u(f(mh)) = r(u(m?) (wa(m48)) = wp(7(M7))

For a system A associated with a Hilbert Space of
dimension n, its state M* is described by an an nxn
evolution matrix [W]", whose entries are matrices
defined by

(W]7 = Wi(lj)il o P)w

for some unitary W on the global state, which
corresponds to all that happened to the universe
since the beginning of time.

Separation

:-‘

B
uB[W} is defined by:
(vslw)), =S¥

[W]A:UB[W]AB.

Theorem

{W]A ® [W} 8 iAs define(: by: -
([w]"e[w] )U.W) o [w][w]",

Theorem

s is a local realistic theory after all

The Meaning and Non-Meaning of Bell’s Thm Commuting Diagrams

Evolution

U[W}A is defined by:
(v[w)"), = S thal ], 0
1 mn ’
Theorem

A A
uw]" = [(uev)w|
for any operation V applied to the rest of the universe.

Separate Evolution

Theorem
(Ua V) [W]AB = U[W]A@ V[W}B
[W}A | is defined by:

([W]AW),.J =l [W]:_m

where [¢) is a unit vector in the dimension of the global
state.

Theorem .,
(W] ) = g (W) 0] W)

Conclusion

» Theorem: The universal wavefunction cannot be the
complete description of a local universe.

» It merely describes what can be observed.

» It is but a shadow of the real world!

»D. Deutsch and P. Hayden, “Information flow in entangled quantum
systems”, Proceedings of the Royal Society of London
A456(1999):1759-1774, 2000.

»G. Brassard and P. Raymond-Robichaud, “Can free will emerge from
determinism in quantum theory?”, in Is Science Compatible with
Free Will? Exploring Free Will and Consciousness in the Light of
Quantum Physics and Neuroscience, A. Suarez and P. Adams
(editors), Springer, pp. 41-61, 2013.

Laboratoire d'informatique théorique et quantique - Université de Montréal



The Equivalence of Non-Signalling and Local Realism
Gilles Brassard and Paul Raymond-Robichaud

From Non-Signalling to Local Realism Local Realism: More Formally (continued)

Conventional Wisdom: Quantum theory is incompatible
with local realism.

» Evolution:

NA = U(N{‘) A
Truth: Quantum theory, like any non-signalling theory with
a reversible dynamics, is compatible with local realism.

Appearance versus Reality

» The phenomenal state of a system describes everything that
can be observed locally about the system.

» Separate Evolution:
(Ux v)(Ve) = u(N) @ v(Ne).
» Predictions of the non-signalling theory:
M= @(NA) .

Commuting Diagrams

» The noumenal state of a system is a complete description of

the system. Observations commute with evolution and projection.
U TA
. : a_ Y A
Desiderata for Local Realism N U(NY) NAB —L— A
» Systems should have local noumenal states. @ ¢ [ [
» Systems should undergo local evolution. AB A
y 9 T U P

» The whole should be fully described by its parts.
u(a(v) =o(u(vy)

Reversible Dynamics

Condition: Operations on a system form a group.

» The phenomenal state of a system should be determined by
its noumenal state.

Non-Signalling Theory

~ For any system X, let pX denote its phenomenal state. . "
Equivalence Relation

»Splitting:
P =7a (pAB) and pB = 7 (pAB) )

» Evolution:

Let Abe a system and W, W’ be operations on the global
state. We define an equivalence relation:
_ def, A
Ao u(h) W=aw £ @v) W= (Fxv)(w)
where V is some operation that is applied on the rest of the

»Non-Signalling: universe and /4 is the identity operation on A.

oa(10 () - U(r)

For a system A, its noumenal state is defined by
NA= WA W W=, W)

for some operation W on the global state that corresponds

Local Realism: More Formally

~ For any system X, let NX denote its noumenal state.

~Splitting: to all that has happened to the universe since the beginning
NA =74 (NAB) and N8 = 7p (NAB) . of time.
Merging ELL

NAB — N4 NB.

Even for entangled states! ”A([W} AB) £ [W]A

Laboratoire d’informatique théorique et quantique - Université de Montréal

Evolution

A

u(w1*) # [ x nw)]

where [ is the identity operation applied on the rest of the
universe.

Separate Evolution
Theorem:

(Ux V) (W) = u(W*) o v([w)®).

Predictions of the Non-Signalling Theory

For a system A, its phenomenal state is
¢([W}A) dz&fﬂA(W(Po)) =

where pg is the phenomenal state corresponding to the
global system at the beginning of time.

Commuting Relations

Theorem:
(o)) =o(o(01)) s wa{o(190%)) (A1)

Conclusions

»Theorem: There is a local-realistic interpretation for any
non-signalling theory with a reversible dynamics.

»Corollary There is a local-realistic interpretation for
quantum mechanics!

» The observable quantum world seems to be non-local.
Could it be but a shadow of the true local-realistic world?

References

» D. Deutsch and P. Hayden, “Information flow in entangled quantum
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pp. 1759-1774, 2000.

»G. Brassard and P. Raymond-Robichaud, “Can free will emerge from
determinism in quantum theory?”, in Is Science Compatible with Free
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“About your cat, Mr. Schrodinger—1 have
good news and bad news.”





