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Abstract: <span>In systems described

by Ising-like Hamiltonians, such as spin-lattices, the Bell Inequality can be
strongly violated. Surprisingly, these systems are both local and
non-superdeterministic. They are local, because 1) they include only local,
near-neighbor interaction, 2) they satisfy, accordingly, the Clauser-Horne
factorability condition, and 3) they can violate the Bell Inequality also in dynamic
Bell experiments. Starting from this result we construct an el ementary
hidden-variable model, based on a generalized Ising Hamiltonian, describing the
interaction of the Bell-particles with a stochastic & background&€™ medium. We
suggest that such amodel isasimple version of avariety of recently

developed &€ sub-quantumaE™ theories, by authors as Nelson, Adler, De la Pena,
Cetto, Groessing, Khrennikov, all based on a background field. We investigate
how the model might be turned into arealistic theory. Finaly, it appears that
background-based models can be tested and discriminated from quantum mechanics
by a straightforward extension of existing experiments.</span>
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Overview

Intro: « Background fields » in experiments and theory
Bell’s theorem: Surprises in Spin-Lattices

A HV toy model for real Bell experiments

Are realistic ‘sub-quantum’ theories possible ?

Conclusion
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Introduction: background fields in experiments

*  Experiments Yves COUDER et al. (Paris) (Nature, PRL 2005 - 2013)

Quantum-like behaviour through a ‘pilot-wave’ = external vibration +

stochastic back-reaction of the droplet
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Introduction: background fields in experiments
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Single-Particle Diffraction and Interference at a Macroscopic Scale
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Introduction: background fields in recent ‘sub-quantum’
theories

% Theories of Nelson, Cetto, De la Pena, Adler, Groessing, Khrennikov,
(Bohm).

An explanation of interference effects in the double slit
Grossing et al. experiment: Classical trajectories plus ballistic diffusion caused

g Is of PI 2012 by zero-point fluctuations
Annais o, 1)8. Ul <

Gerl | Gir g S 1 | Fu { hannes M P 10| anc Herbert Schwablf

1w potentia Stochastic Media
N ! o . tunth imeter Institute
15.10.13

Pirsa: 13100085 Page 5/76



Bell’s theorem:

Surprises in Spin-Lattices

L. V., Found. Phys. 2013
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The stochastic version of Bell’s theorem l

] ‘ - =« Source ../
a l)

Hypothesis of ‘stochastic’ hidden-variables:
P(c,|A): A determines the P of o,

(instead of o,=0;(A) : deterministic HV )
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The stochastic version of Bell’s theorem

Hypothesis of ‘stochastic’
hidden-variables:
P(c|A):

A determines the Pof o
Hypothesis of locality
Hypothesis of ‘measure-

ment independence’

p(L| ab) = p(h)
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The stochastic version of Bell’s theorem

Jarrett 1984, Clauser-Horne, Bell, Shimony...

Hypothesis of ‘stochastic

P(o,|0,,a,b,A) = P(o,|a,b,A)
hidden-variables:

(OI)
P(c|A):
A determines the Pofo 2. P(oyla,b,A) = P(o,/b,A)
Hypothesis of locality (PI)
Hypothesis of ‘measure- | 3. p(Alab) = p(Aja’,b’) = p(L)
ment independence’ | hﬁ” MI)

p(L| ab) = p(h)

Ol = Outcome Independence
PI = Parameter Independence
— AR B s —_— Bell & Stochastic Media
MI = Measurement Independence Perimeter Institute
15.10.13
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The stochastic version of Bell’s theorem

“* Note the generality of the theorem: EVERY local physical system (in
which one can define HV A) should satisfy OI, PI, MI and therefore the

Bell inequality !
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The stochastic version of Bell’s theorem

Note the generality of the theorem: EVERY local physical system (in
which one can define HV A) should satisfy OI, PI, MI and therefore the

Bell inequality !

OI, PI, MI are all conditions of stochastic independence.
Itis then tempting to investigate whether OI, PI, MI hold in known, highly-

correlated systems.
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Spin-lattices

The Ising-lattice is a typical example of a highly correlated system in which
long-range collective phenomena (such as phase transitions) occur (cf.
Feynman [1988], Yeomans [1992]).

It’s physics is extraordinarily rich, notwithstanding its simplicity.
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Spin-lattices

The Ising-lattice is a typical example of a highly correlated system in which
long-range collective phenomena (such as phase transitions) occur (cf.
Feynman [1988], Yeomans [1992]).

It’s physics is extraordinarily rich, notwithstanding its simplicity.

Suppose Alice and Bob perform a Bell-type (thought) experiment on an

ensemble of spin-lattices as schematized in Fig. 1.

01 " f 02

c ¢ o,

a
Fig. 1. 10 spins on a lattice
10 spins (*£1) 0,,0,,...,0%,0,,0,

The role of (a,b) is taken by (o,,0,,)

The role of the HVs A is taken by A = (04,0,,...05) (or any subset of this set)

This is a ‘HV’ system in the sense that P(c,|A), P(c,,0,|A,a,b) etc. are defined.
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Spin-lattices

Fig. 1. 10 spins on a lattice

The system Hamiltonian is the usual Ising Hamiltionian:

H(@) = - le Jij.o'i.o'j - Ei hi‘Gi° (ﬂ" G, = =+ l) (4)
Here O is a 10-spin configuration (¢,,5,,0y,... 0g), the h; are local magnetic fields, and the
J;; are the interaction constants, as usual assumed to be zero between non-nearest
neighbors. [So: localinteraction.]

Interaction (J;) is mediated via a Coulomb potential (cf. Feynman [1988]).
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Spin-lattices

<*  The probability of a given 10-spin configuration (at fixed temperature 1/p) is the usual
Boltzmann probability:

P(B) = E_BH(O) | Z. with Z = X4 e PHO) the partition function. (5)
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Spin-lattices

The probability of a given 10-spin configuration (at fixed temperature 1/8) is the usual

Boltzmann probability:

P(B) = ¢ PHO)/ Z., withZ = 3,ePH0O), the partition function. B)
(]

Suppose Alice can measure the spin (1) on nodes 1 and a, and Bobon 2 and b,
for each element of the ensemble. They can then empirically determine the 16 joint
pl‘(lbilhiliti(‘s I)(UI‘G.?lG;l“Ub) - I)(GI:EI" 62:{:2 icnzﬂ;l" G-I::Eh) (:I” &= = = l)

simply by counting relative frequencies over the ensemble.
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Spin-lattices
“*  The probability of a given 10-spin configuration (at fixed temperature 1/f) is the usual

Boltzmann probability:

P(B) = ¢ BHO)/ Z., withZ = 3,ePHO), the partition function. (5

Suppose Alice can measure the spin (1) on nodes 1 and a, and Bobon 2 and b,
for each element of the ensemble. They can then empirically determine the 16 joint
probabilities P(c,,0,/0,,0,) = P(o,=¢,,0,=¢, |0,=¢,,0,=¢,) (allg;==*1)

simply by counting relative frequencies over the ensemble.

These are the only probabilities needed to verify the Bl
The BI is:
Xg = M(a,b) + M(a’,b)+ M(a,b’) —M(a’,b’) < 2 (6)

-y

where

z

M(a,b) = < 6,.6,>, ), = 251202 61:02.-P(61,6,/6,,0)).

(7)

719.70.13
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16

Spin-lattices

Plc,.c,.c,.0,) _ P(n)

(13)

P(o,.o, ‘(TJ,_(TI_,}! :
i Plo,.c,) P(n,)

where 1 is a 4-spin configuration and n; a 2-spin configuration. Any probability P(n) with n

an m-spin configuration (m<10) is given by:
) \ ) L) )
P(n) N P(6). (14)

where the sum runs over the 2'%™ 10-spin configurations (1) that contain 1. P(6) is the

Boltzmann factor in (5). involving the Hamiltonian (4). Thus we find:

]

N ,-8H(6)

—

o) -
P(6,.0, |o,.0,) a (15)

_T‘L, BH (&)
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Spin-lattices

Using Eq. (4) — (7) one finds that the Bl in our thought experiment can be
strongly violated, for a wide range of parameter values for B, h;, Jj;.
Forinstancefor p=1, h, e{-1,1,3},J;, & {1, 2, 3,4} we find that X;, = 2.87 > 2

, to be compared to 2V2 = 2.83, the value for the singlet state.

y e Cf. L.V, Found. Phys. 2013
) 3
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Spin-lattices

Using Eq. (4) — (7) one finds that the Bl in our thought experiment can be

strongly violated, for a wide range of parameter values for B, h;, Jj;.

()

Forinstancefor p=1, h; e{-1,1,3},J;; £ {1, 2, 3, 4} we find that X5, = 2.87 -

, to be compared to 2V2 = 2.83, the value for the singlet state.

g [ [ [ ;] Cf. L.V, Found. Phys. 2013

The locality of the system is confirmed by the fact that the Clauser-Horne

factorability condition (the conjunction of Ol and PI) is always satisfied:

P(c,,0,|a,b,A) = P(o,|a,L). P(c,|b,A)

Same conclusion for a variety of 1-D and 2-D SLs small enough for num. sim.

rFerimewer insuue

15.10.13
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Spin-lattices

¢ Measures introduced by Michael Hall (Phys. Rev. A; Phys. Rev. Lett. 2010,2011) to

quantify violation of OI, PI, MI:

Outcome Dependence (OD). Parameter Dependence (PD) and Measurement Dependence (MD):

OD = sup » |P(c1.62]ab.i)-P(o)

(a.b,A) -

a.b.2).P(o

a.b.2) | (7)

1.2

PD sup | P(o2|a.b.A) -P(oa|a’.b.2) | (8)
(a,a'. b,y ,4)
MD = sup | di.|p(r|ab)-p(r|a’b)]. (9)

(a,a.,0,0)

|Hcrc sup (Y) indicates the maximum value of Y when varying the parameters X over all their
(X)

values.

-
=
I

PD =

0, always

Perimeter Institute
15.10.13
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Spin-lattices

If the Bl is violated, at least one of the conditions MI, OI, PI does not hold.

It appears that in all these lattices the ‘resource’ for violation of the Bl is

violation of MI, as can again be calculated taking A = (0,,0,,...0y).

So p(A|o,o,) # p(Alo,,0,) for ANY value of (A,0,,0,)

MD = sup | d.|p(

(a.a'b.b"

a.b)—p(r|a.b)|.
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Spin-lattices

<+ In_this experiment, MI is violated WITHOUT SUPERDETERMINISM OR
CONSPIRACY.

@ MI [p(h

a,b) = p(Ala’,b")| is always deemed ‘obvious' because of a ‘free

will’ argument:

% Ergo, MI must hold, unless one accepts a conspiratorial world.
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Spin-lattices

< In this experiment, MI is violated WITHOUT SUPERDETERMINISM OR
CONSPIRACY.

<  MI [ p(Ala,b) = p(rla’,b") ] is always deemed ‘obvious’ because of a ‘free

will” argument:

% Ergo, MI must hold, unless one accepts a conspiratorial world.

<+ But our model shows that is false: the same results obtain in an experiment in

which Alice and Bob freely set o, and o, !
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Spin-lattices

Alice and Bob can do two equivalent experiments (Ex1 and Ex2) to determine
the needed probabilities P(c,,0,/0,,0,), exactly as in real Bell experiments.

Either (Ex1) they ‘postselect’ 4 sub-ensembles out of one long run, each sub-
ensemble corresponding to one of the 4 possible couples of (o,, 5,)-values.

(Ex2) If they have sufficiently sophisticated technological means to control o,
and o, i.e. set o, and o, to either +1 or -1 af their free choice, they can do 4
consecutive experiments, each corresponding to a fixed value of o, and o,. The
dynamics of the system (Eq. (3) and (4)) remains unchanged in this second

experiment. Therefore all probabilities P(o,,0

0,,0,) are identical in both

experiments.
Bell & Stochastic Media

Perimeter Institute
15.10.13
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16

Spin-lattices

P(c,.0,.c,.0,) _ Pny)

(13)

P(o,.o, ‘rr{,_ﬂ._,}n i
i Plo,.c,) P(n,)

where 1; 1s a 4-spin configuration and nz a 2-spin configuration. Any probability P(n) with n

an m-spin configuration (m<10) is given by:
Al0=m

P(n) Z[’m’i_ (14)

aim

where the sum runs over the 2'°™ 10-spin configurations (1) that contain 1. P(6) is the

Boltzmann factor in (5). involving the Hamiltonian (4). Thus we find:

N, -8H(6)

—

o) -
P(o,.0, ©,.0,) 9 (15)

-Y‘L, BH (&)
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Spin-lattices

6
< o AH®)
—

P(c,0, |0,,0,) = —F— . (15)
Tf‘t,—“.Hl:c*)
A

8(ny)
Probabilities (15) can easily be computed by numerical simulation — but we do not even need
to do so for our present purpose.

Ex2) A second way to determine the P(5,,0,/6,.0p) 1s available to Bob and Alice if
they can intervene on G, and oy If they have sufficient technological means to control &, and
op they can do 4 consecutive experiments each correspondingto a given value of 6, and 6. In
that case they will find:

P*(o,,0,0,0,) _ P*n)
P*(c,,0,) 1

P*(o,, 0, |,,0,) (16)

where the asterisk simply reminds us that the probability is determined in an experiment in

which &, and 6, have a given value. Now with (5) we have:

2° - BH(8)
4 p—
Pray) = PO = 2 S (17)
&(m) é(n) Z

72.710.713

lia
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Spin-lattices

So we have here a local physical system, in which MI and the Bl are violated,

without superdeterminism .
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Spin-lattices
% The most advanced dynamic Bell experiments are Weihs et al. (PRL 1998) or

Scheidl et al. PNAS 2010 (Zeilinger group).

* It is well-known that the Ising model can be interpreted as a statistical model

for the motion of atoms. *“Lattice gas Hamiltonian” + Boltzmann config.

probability
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Spin-lattices
% The most advanced dynamic Bell experiments are Weihs et al. (PRL 1998) or

Scheidl et al. PNAS 2010 (Zeilinger group).

* It is well-known that the Ising model can be interpreted as a statistical model

for the motion of atoms. “Lattice gas Hamiltonian” + Boltzmann config.

probability
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Spin-lattices

In short, let us see if we can construct an explicit HV model for the most

advanced experiment, namely Scheidl et al, PNAS 2010

Bell & Stochastic Media
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A HYV toy model

for dynamic Bell experiments
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The experiment by Scheidl et al., PNAS 2010

¢ Simultaneously close various loopholes, essentially the locality and freedom-of-

choice loopholes.

¢ In other words, in this manner Ol and PI would be imposed in the experiment.

a’ b))

o MI: p(A

ab) = p(A
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The experiment by Scheidl et al., PNAS 2010

Spacelike separation between relevant events was obtained by fast and random
switching of the settings at 1 MHz, and/or by the fact that in some reference
frame the events happened simultancously (SLS is invariant under Lorentz

transformation).
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The model in a nut-shell

-
L

Bell particles move through a “background gas / medium”, spread-out over a lattice
Bell particles, analyzers AND the “background particles” are ALL described by a

hidden stochastic property A (A, Ay, ..., ALA) (A=E1)

In the model we consider only 10 nodes - it is a toy model !

All A interact via a Hamiltonian:

ll(}'u].}._‘,,..}uu) Cop Z C]].}.i T Z L‘_\ij.)..i.}q T Z c_*i]]{-}v!-;’ﬂ-}vlﬂ T .. {1())
1 J=l

J Je=l

The probability for a given configuration 0 = (A,A,,..A\,): P(0) = ¢PH®/ 7
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The model in a nut-shell

- -
Seend 4 5 | pm==

L

-

Bell particles move through a “background gas / medium”, spread-out over a lattice
Bell particles, analyzers AND the “background particles” are ALL described by a

hidden stochastic property A (A, Ay, ..., ALA) (A=E1)

In the model we consider only 10 nodes - itis a toy model !

All A interact via a Hamiltonian:

l[(};].}\._‘,,..}\.“) Cop T Z C]].}vi T Z c-\ij.}vi.}'J T Z ‘s‘_;]‘]\'.}vl.;’\v‘].}wk LI (1())
1 J=l /

k=1

The probability for a given configuration 0 = (A,A,,..A\,): P(0) = ¢PH®/ 7
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The experiment by Scheidl et al., PNAS 2010

ru

Slightly idealized Teseal o _ s
: \ -....__{}___—‘ t=10: emission
scheme . . . t = t,: measurement

Fig. 2. Idealized scheme of the Bell experiment.

icles 1 and 2 leave a source S and are measured {“hi’ll arriving at points 1 and 2.

The two particles leave a source S at a speed close enough to the speed of light, following
the dashed trajectories in Fig. 2.

A&B measure the spins o, and o, at time t;,, the moment the particles arrive at nodes 1
and 2, which are close to nodes a resp. b.

Alice’s and Bob’s number generators randomly chose between (a,a’) and (b,b’) with a
frequency of 1 MHz.

Then we have the 4 conditions of SLS E1)-E4) of Ref. [PNAS], as one easily verifies.
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A hidden-variable model for the PNAS experiment.

H 1) The essential hypothesisis that the Bell particles and analyzers interact with a
‘background A-field’ or ‘background medium’ (particles) characterized by HVs A. For

definiteness, we will suppose that the particles are lead-out on a 2D lattice.

Fig. 2. Idealized scheme of the Bell experiment.
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A hidden-variable model for the PNAS experiment.

“*  H1) The essential hypothesis is that the Bell particles and analyzers interact with a
‘background A-field’ or ‘background medium’ (particles) characterized by HVs A. For
definiteness, we will suppose that the particles are lead-out on a 2D lattice.

=
 g— |

i

Fig. 2. Idealized scheme of the Bell experiment.
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A hidden-variable model for the PNAS experiment.

H 1) The essential hypothesisis that the Bell particles and analyzers interact with a
‘background A-field’ or ‘background medium’ (particles) characterized by HVs A. For

definiteness, we will suppose that the particles are lead-out on a 2D lattice.

Fig. 2. Idealized scheme of the Bell experiment.

More specifically, suppose that at nodes 3, 4,...8 of the lattice sit particles that are
characterized by Ay, Ay,... Ag. The A, are stochastic parameters; assume, again to simplify
the calculation, that all A, can only take two values (1) (one could call the A,
‘generalized spins’).
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A HV Toy Model.

H2)
Particles 1 and 2 €= o,and o, and HVs A and A,;
Analyzers €= aandb and HVs XA, and A;

So P(g,.0,/a.b) = PAA A M)

Ci1) = M)

M) = a(b)
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A HV Toy Model.

 H2)
Particles 1 and 2 €= o,and o, and HVs A, and A,; C12)= My
Analyzers €-> aandb and HVs ), and A,; Aay = a(b)

So P(g,.0,/a.b) = PAA A LM

“* H3) DET All A,(i = a,b,1,....8) interact, via a Hamiltonian to be specified, with close
(say 1*' and 2"9) neighbors only. When the Bell-particles move through the lattice, they
interact with the background medium and the analyzers. The Hamiltonian of this
potentially highly complex system will in general not only depend on the generalized
‘spin’ degrees of freedom (DOFs) A, A,.,...A,, A, but also on other DOFs, e.g. the
velocities of particles 1 and 2. All the latter DOFs are supposed to be deterministic; only
the ‘spin’ DOF are stochastic (much as in Ising systems). This implies...

Bell & Stochastic Media
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A Hidden-Variable Model.

*
* .‘.

H4) The ensemble probability for a configuration 0 = (A, A,,...,

probability, ubiquitous in statistical physics:

P(B) = ¢PHO /7,

| .- 3 1 5§ [ jam==""
ke -
- ——
______
S
6 7 8
-

A,sAy) is the Boltzmann

9)
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A Hidden-Variable Model.

H4) The ensemble probability for a configuration 0 = (A, A,...,A,,A,) is the Boltzmann

probability, ubiquitous in statistical physics:

P(0) = PO/ Z. 9)
1] 2
| i . .
Tl ; B S
‘ S
6 7 8
L3

(s o]

We have chosen the assumptions so as to drastically simplify the description of the
potentially complex interactions that may occur in the system.
Even without making hyp. H1)-H4), a general Hamiltonian of n “spin’ DOFs

H(A, Ay,... A,) can be written as a Taylor expansion as follows:
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A Hidden-Variable Model.

H4) The ensemble probability for a configuration 0 = (A, A,,...,A,,A,) is the Boltzmann
probability, ubiquitous in statistical physics:

P(B) = ¢PHO /7, 9)

We have chosen the assumptions so as to drastically simplify the descriptionof the
potentially complex interactions that may occur in the system.
Even without making hyp. H1)-H4), a general Hamiltonian of n “spin’ DOFs

H(A, Ay,... A,) can be written as a Taylor expansion as follows:
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A Hidden-Variable Model.

H4) The ensemble probability for a configuration 0 = (A, A,,...,A,, A,) is the Boltzmann
probability, ubiquitous in statistical physics:

P(0) = ¢PHO /7, 9)

We have chosen the assumptions so as to drastically simplify the descriptionof the
potentially complex interactions that may occur in the system.
Even without making hyp. H1)-H4), a general Hamiltonian of n “spin’ DOFs

H(A, Ay,... A,) can be written as a Taylor expansion as follows:

|

y Zl‘ii.i Ai g Z.}\:_}_].}.L ... (10)
)=l j k=l

The factors CI'- (p> 1) arethe interaction parameters (cf. Ising or lattice-gas Hamiltonian).

“(5‘;1,);;. . ./.,.)

Wetake ¢, = 0 for interaction beyond say 24 neighbours, as one always does (cf. H3)).

Pirsa: 13100085 Page 46/76



Pirsa: 13100085

A Hidden-Variable Model.

We do not need a more detailed form of the H. To calculate P(c,.0,/a.b) at t; via (9), we

need the energy H, (A,,A,...A ) for each element of the ensemble. As said, the

0
Hamiltonian will in general depend on other-than-spin DOFs, but these are absorbed in
the spin-independent factors (c,) of (10). But by assumption H3) DET, in particular at ¢,
these factors have identical values for the whole ensemble. We thus end up with a
standard Ising-type problem, except that the Hamiltonian includes higher-order terms;
the ¢, are parameters of the model.

Put differently: I need H3) DET, in order to be able to calculate P(0) = P(H(0))= e PH(6) /
Z.
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Hidden-Variable Model.

We do not need a more detailed form of the H. To calculate P(c,.0,

a,b) at t; via (9), we
need the emergy H, (A;A,,...A ) for each element of the ensemble. As said, the
Hamiltonian will in general depend on other-than-spin DOFs, but these are absorbed in
the spin-independent factors (c,) of (10). But by assumption H3) DET, in particular at t,
these factors have identical values for the whole ensemble. We thus end up with a
standard Ising-type problem, except that the Hamiltonian includes higher-order terms;
the ¢, are parameters of the model.

Put differently: I need H3) DET, in order to be able to calculate P(0) = P(H(0))= e "9/
Z.

Z is the sum of terms e PH®

overall energy states in the ensemble (taken at t;). This sum
is “Ising-like” if all the parameters in H(0) are constant over the ensemble (at t;). Only
then Z is a sum of terms that only differ in their 0. That the parameters in H(0) are
constant over the ensemble is guaranteed by H3) DET.
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A Hidden-Variable Model.

<*  The 16 probabilities needed to test the Bl, i.e. P(c,,0,/a,b) taken at ), can be calculated in
the same manner as for Ising systems. Recall that by assumption H2) P(c,,5,|a,b) is equal
to P(A .| AA,) = P(A A AA), which follows in a straightforward manner from (9)

and (10).

P(n)= > PO)

a(n)
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A Hidden-Variable Model.

Result of numerical simulations:

By taking terms until 4™ order in (10) into account we find that the Bl is again

violated for wide ranges of all the constants in (10).

Importantly, the resource is again measurement dependence (MD), i.e.

violation of MI. Forinstance, taking the ¢, -constants (p<2) equal to those before and

alle; =0.1and all¢y = 0.3, we find Bl = 2.82 and MD = 1.99.

-
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A Hidden-Variable Model.

Result of numerical simulations:

By taking terms until 4™ order in (10) into account we find that the BI is again

violated for wide ranges of all the constants in (10).

Importantly, the resource is again measurement dependence (MD), i.e.

violation of MI. Forinstance, taking the ¢, -constants (p<2) equal to those before and

alle; =0.1and all ¢, = 0.3, we find Bl = 2.82 and MD = 1.99.

-
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A Hidden-Variable Model.

Result of numerical simulations:

By taking terms until 4™ order in (10) into account we find that the Bl is again

violated for wide ranges of all the constants in (10).

Importantly, the resource is again measurement dependence (MD), i.e.

violation of MI. Forinstance, taking the ¢, -constants (p<2) equal to those before and

alle; =0.1and all ¢, = 0.3, we find Bl = 2.82 and MD = 1.99.

At the same time we find that Ol and Pl are alwavs valid: the svstem is local in

the sense of Clauser-Horne (as expected).
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A Hidden-Variable Model.

<* It is essentialto note that MI is violated in this type of models without relying on
superdeterminism or conspiracy.

% In above model Alice and Bob freely choose (a,b). Measurement dependence can arise
through ordinary (Coulomb) interaction, even if a and b are perfectly freely chosen.

<+ It is almost always assumed that violation of MI contradicts ‘free will’ in a reasonable,
non-superdeterministic world. MD would mean that the ‘freely or randomly chosen’
parameters (a,b) are causally determined by the HV A. However, the above calculations
prove that this is a false conclusion: there can be stochastic dependence without causal

determination.
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A Hidden-Variable Model.

< It is essentialto note that MI is violated in this type of models without relying on
superdeterminism or conspiracy.

“* In above model Alice and Bob freely choose (a,b). Measurement dependence can arise
through ordinary (Coulomb) interaction, even if a and b are perfectly freely chosen.

< It is almost always assumed that violation of MI contradicts ‘free will’ in a reasonable,
non-superdeterministic world. MD would mean that the ‘freely or randomly chosen’
parameters (a,b) are causally determined by the HV A. However, the above calculations
prove that this is a false conclusion: there can be stochastic dependence without causal

determination.
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A Hidden-Variable Model.

< It is essentialto note that MI is violated in this type of models without relying on
superdeterminism or conspiracy.

% In above model Alice and Bob freely choose (a,b). Measurement dependence can arise
through ordinary (Coulomb) interaction, even if a and b are perfectly freely chosen.

<+ It is almost always assumed that violation of MI contradicts ‘free will’ in a reasonable,
non-superdeterministic world. MD would mean that the ‘freely or randomly chosen’
parameters (a,b) are causally determined by the HV A. However, the above calculations
prove that this is a false conclusion: there can be stochastic dependence without causal

determination.
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40

A Hidden-Variable Model.

So we have here a toy model for real Bell experiments, that violates the Bl and
is local and non-conspiratorial.

The resource is violation of MI.
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40

Hidden-Variable Model.

So we have here a toy model for real Bell experiments, that violates the Bl and
is local and non-conspiratorial.

The resource is violation of MI.

The model seems not to violate principles of physics, but it is still a toy model:

* It does not predict the cosine of the quantum correlation
** The more physical model would have n (#lattice nodes) 2 ©
I submit the present results as a first step of a wider program.

Intermediate conclusion: MI is not a generally valid condition in all local

systems, at least not in all “backeround-based” svystems.
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A realistic ‘sub-quantum’ theory ?
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The model in a nut-shell

L
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That supposes:

*

¢ All SLs in the ensemble are in thermal equilibrium with a heat bath at 1/3.

¢+ There is causal contact between nearest neighbours (cf. lattice-gas Hamiltonian)
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Generalisation

In order to have causal contact between NN, it is essential for the model that

*
0.0

the switching frequency of the analyzers is not much higher than the 1 MHz

used in [Scheidl et al. 2010]....

f,=1 MHz, t=1 pus, R=300 m

3

7 8

- -
--""-.ﬁ- 4 5 __—‘-'
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) ‘{}‘-—
S

Bell & Stochastic Media
Perimeter Institute
15.10.13

Page 60/76



Pirsa: 13100085

Generalisation

a duration of the order of 1ps,
R =300 m.

R

This point is crucial, since it shows that MI can be violated in ‘background-based’ models

independently of the form of the Hamiltonian.
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Generalisation.

% Indeed, if the HVs (A., Ag) can have interacted at t, with A_and A,, then in

general we have that
P(Ag Aglhphy) F P(Ag AglAasAy)s
SO PRz Ageeas AglAhy) F PRy Agyerny AglA sAy0),
s0 P(A3Ag...yAglab) # P(A3, Ay,..., Agla’,b”), because of assumption H2).
< But that means that MI can be violated for a general ‘background-based” HVT
that includes these variables (A, Ag) [in general HVs ‘near the analyzers’|

independently of the form of the Hamiltonian.

151013
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A Hidden-Variable Model.

% It appears that MI can be violated in a background-based HVT largely

independently of the form of the Hamiltonian.

7\, 1 Background field / medium
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A Hidden-Variable Model.

“ It appears that MI can be violated in a background-based HVT largely

independently of the form of the Hamiltonian.

?\, 1 Background field / medium

p((h@)) -'/-' p(ll,?u2|a’ ,b’ ) (quite independently of Hamiltonian)

Bell & Stochastic Media
Such a mechanism has been conjectured by J. Butterfield [1992] Perimeter Institute
15.10.13
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A Hidden-Variable Model.

}' 1 Background field / medium

A

p(ll,K(lfsj)) # p(?\.l,l2|a' ,b, ) (independently of Hamiltonian)

« In sum: an experiment as [Scheidl et al.] may separate left and right
wings, but not the analyzers from their nearby environment.
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Generalisation.

¢ Link with recently developed ‘sub-quantum’ theories that aim at explaining
\ I | I 2
D ]

certain aspects of quantum mechanics

¢ These theories are all based on a stochastic ‘zero-point field’ or ‘vacuum

field’ (see e.g. De la Pena and Cetto [1996], Khrennikov [2011], Grossing [2012] and

refs. therein).

% Conjecture: the model based on H1)-H4) is a simple version of such stochastic
background-based models.
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Upgrading the model (research outline).

¢ For the model to predict the correct quantum correlations for the singlet state
(cosine), I conjecture that it will also have to violate OI, not only MI.

% The left and right spins (o, and ©,) are connected through the conservation of
total spin in the singlet state.

**  Such a symmetry may, it seems, very well correlate the two spins even at the

time of measurement, and even if the spins weakly interact with a background

medium.

% OI P(o,|0,,a,b,A) = P(o,|a,b,A)
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Upgrading the model (research outline).

¢ For the model to predict the correct quantum correlations for the singlet state
(cosine), I conjecture that it will also have to violate OI, not only MI.

*¢ The left and right spins (o, and ©,) are connected through the conservation of
total spin in the singlet state.

**  Such a symmetry may, it seems, very well correlate the two spins even at the
time of measurement, and even if the spins weakly interact with a background
medium.

% OI P(o,|0,,a,b,A) = P(o,|a,b,A)

% It has already explicitly been argued that in such a system with a conservation law Ol is

a very questionable condition (cf. van Fraassen [1982],p. 26) — it is actually

counterintuitive.
121U 19
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Upgrading the model (research outline).

Including this symmetry into the model is next step.
Once this is shown to be possible, the next step is to investigate the limit of the
number of lattice sites n = oo, which is physically the most convincing

configuration.
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Testing the model & background-based theories.

Suppose there is a “background”. If the polarization direction in a Bell
experiment is switched rapidly enough in the time interval (0, t;), one expects
that a A-field or medium will at most experience a smeared-out or averaged

influence from the analyzer settings.
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Testing the model & background-based theories.

** Suppose there is a “background”. If the polarization direction in a Bell
experiment is switched rapidly enough in the time interval (0, t;), one expects
that a A-field or medium will at most experience a smeared-out or averaged

influence from the analyzer settings.

¢ In other words p(A) may depend on (a,a’,b,b’) but not just on (a,b). But that is
equivalent to MI: the same distribution for A applies to the 4 subensembles for
(a,b); the BI can again be derived.

< Such a decoupling of the analyzers from their environment can be simulated in our

model by letting the interaction constants ¢, (p = 2) between A,(A,) and its neighbors

tend to zero (which indeed corresponds to giving an averaged value (1-1)/2 = 0to A, and

Ap)- Cpa. > & Cpa 5 €y D> EC

pb.
12.70.13
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Testing the model.

different ¢, parameters

Xp, MD

Xs1(p=2) :

T N U, &

Y d

ig. 3a (left). Xg; and ) as a function of the coupling constant
Fis | b d MD t pling

for 2=¢ (p=2) and 4% (p=4) order
approximation. For p = 2, the ¢, -constants are those of footnote 1, exceptthatJ, =2e(=ly;)and Js =3¢
(=Jyg). Forp =4, idemplusall ¢; = 0.1, ¢y, = 0.3, again multiplied by ¢ if involvingaor b
Fig. 3b. Idem as Fig. 3a, exceptthatthe ], (= ¢, ) constants are now J;1=3, J =] 2. u=ly=1 1y
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Testing the model.

different ¢, parameters

X g, MD

r
4 2
Xs1(p

os o6 of 02 00 & 10 0s o6 o4 02 o0 & =1L,

Fig. 3a (left). Xs; and MD {s a function of the coupling constant ¢, fo

204 (p=2) and 4% (p=4) order
approximation. For p = 2, the ¢, -constants are those of footnote 1, exceptthatJ, =2 (=ly;)and Js =3¢

(=Jyg). Forp=4.idemplusall ¢; = 0.1, ¢y, = 0.3, again multiplied by ¢ if involvingaor b
Fig. 3b. Idem as Fig. 3a, exceptthatthe J; (= ¢;,) constants are now J =3, J=ls=le-=2, J1:=]y=1, 1;-=0.5

*» If one assumes that the coupling breaks down when the causal range R
becomes of the order of L(polarizer),say 10 cm, one finds a decoupling
frequency of the order of a few GHz, to be compared to 1 MHz.

0‘0

*

This is close to being realisable (G. Weihs).
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Conclusion

We presented a toy model that is local, non-superdeterministic and that
violates the BI.

The resource is violation of MI.

The model seems not to contradict physical principles; it allows an
interpretation in terms of a background medium.

Assuming a background medium / field, MI can be violated beyond the

specific assumptions of the toy model.
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Conclusion

“*  We presented a toy model that is local, non-superdeterministic and that

violates the BI.

*¢ The resource is violation of MI.

% The model seems not to contradict physical principles; it allows an
interpretation in terms of a background medium.

“ Assuming a background medium / field, MI can be violated beyond the

specific assumptions of the toy model.

¢ Shift in the meaning of the HV: property of a background medium rather
than of the particles.

*¢ Under this semantic shift, MI appears an unreasonable premise of the BI...
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Conclusion

“*  We presented a toy model that is local, non-superdeterministic and that
violates the BI.

*¢ The resource is violation of MI.

%  The model seems not to contradict physical principles; it allows an
interpretation in terms of a background medium.

“* Assuming a background medium / field, MI can be violated beyond the

specific assumptions of the toy model.

¢ Shift in the meaning of the HV: property of a background medium rather
than of the particles.

*¢ Under this semantic shift, MI appears an unreasonable premise of the BI...

%+ There is thus an incentive to construct realistic background-based models
(reproducing the cosine).

% These could be tested by experiments that are a straightforward
extrapolation of existing experiments. '
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