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Where Bell Went Wrong

Th. M. Nieuwenhuizen
Institute for Theoretical Physics, Valckenierstraat 6618 XE Amsterdam, The Netherlands

Abstract. It is explained on a physical basis how absence of contattuallows Bell inequalities to be violated, without
bringing an implication on locality or realism. The pointtigt the initial values of the hidden variables of the detecare
mutually exclusive for different detector settings. THere they have no reason to possess a common probabilitjbdison
and hence no reason to satisfy Bell inequalities. To mativhits, we connect first to the local realistic theory Stotihas
Electrodynamics, and then put the argument more broadlys Even if Bell Inequality Violation is demonstrated beyond
reasonable doubt, it will have no say on local realism.
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PACS: 02.50.Ey, 03.50.DE, 03.65.Ta, 03.65.Ud

Quantum theory describes in my view the statistics of oug®f measurements done on an underlying reality
known to us as “Nature”, while quantum mechanics or quantelt fheory should be called “a theory”, or “our present
theory”. In my view, in Nature patrticles are definite ensisubject to certain waves, that partly manifest themselse
the mysterious “quantum fluctuations”. This view arose figiodying the dynamics of quantum measurements [1, 2],
and the subsequent question of what is going on in an indWiguantum measurement. Some specific process must
be going on in every individual measurement. We have no thieoithat, but clearly Nature is using it, everyday the
whole day. Quantum theory gives some admittedly strongnioeimplete information about outcomes of experiments.

One may also wonder what is going on in reality with cosmicraarticles that have travelled to us for millions of
years, or, even more stunning, with cosmic microwave bamku radiation, that travelled more than 13 billion years
through empty space. These are not questions that shoultsbeged within quantum mechanics, with answers like
“In Hilbert space the state of a particle is represented hai® vector--”, no, they are questions about what occurs
in Nature. | see no other possibility than to assign a reatitgosmic ray particles and to photons, say “balls” or,
preferably, “solitons”, that travelled all these years schrough space.

“Quantum fluctuations” present a notion taught in any quertechanics course without anybody ever explaining
what is fluctuatingwhere Quantum Mechanics and quantum field theory have the amamigerty that we do
not have to know these details if our aim is restricted toiggtstatistical predictions. This situation is somewhat
reminiscent to the fact that, given a certain country, we'tdmave to speak its language to understand the statistics of
its population such as the average age, average heighaga/igicome, and so on, of its people. But one cannot claim
to understand the people without knowing their languagetter words: statistical understanding (quantum theory)
is partial understanding that should never be taken foruthértith.

Stochastic Electromagnetism (SED) [3] is to this date thetpoomising option to deal with the underlying level
of reality. In that theory, “quantum fluctuations” are ploaifluctuations of the classical electromagnetic field with
a zero-point spectrum. Planck’s constant enters by thagneof these fluctuations. A connection with quantum
mechanics has been put forward by Cetto and de la Pefia aeaty 15 years ago in their approach called “Linear
Stochastic Electromagnetics”, see €.9. [3, 4].

With quantum fluctuations expressed by SED or a comparabtayhand particles being solitons, the underlying
guasi-deterministic level may be called “Stochastic 8aliMechanics”, a name | coined earlier in this series. [5]
Double slit interference should then emerge from solitosisig through one of the slits and interfering with “idler
waves” originating from the other slit.

In his opening address of the 2008 Véaxjo conference Founrastif Probability and Physics - 5, Andrei Khrennikov
took the position that violations of Bell inequalities [6¢cur in Nature, but do not rule out local realism, due to
lack of contextuality: the measurements needed to testiBedjualities (Bl) such as the BCHSH inequality cannot
be performed simultaneously [7]. Therefore Kolmogoriaak@bility theory starts and ends with having different
probability spaces, and Bell inequality violation (BIV)sjuproves that there cannot be a reduction to one common
probability space. This finally implies that no conclusiam®e drawn on local realism, since incompatible infornmatio
can not be used to draw any conclusion. As explained belavdiffierent pieces of the CHSH inequality involve
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fundamentally different distribution functions of the tih variables, which cannot be put together in one over all
covering distribution of all hidden variables of the set ofsidered experiments. To our knowledge, the first remarks
related to contextuality were made by Cetto, Brody and deef@éaR8]. The contextuality position was first pointed at
in mathematical rigour by Luigi Accardil[9], and then takenebg. Fine[10], Pitowsky [11], Rastal [12], Kupczynski
[13], Garola and Solombrino [14] Khrennikav [15], Volovi¢h€], Hess and Philipp [17], Sozzb [18] and Zhao, de
Raedt and Michielsen [19]. Many of their contributions weeported in previous Vaxjo proceedings. | now also
subscribe to this position.

At the University of Amsterdam | supervise bachelor prajamt Bell inequalities. Students are happy to get insight
in the possible structure of the physics behind the quantumdlism. Non-contextuality is a standard ingredient. Let
us see how it comes up.

HOW THE CONTEXTUALITY ENTERS

In the Clauser-Horne-Shimony-Holt (CHSH) setup, one maysiter a source that emits pairs of spin 1/2 particles,
one going to station A “Alice” and the other, in opposite diien, to station B “Bob”. At each station one out of two
possible measurements is performg&gdor A, by Alice andB; or B, by Bob. In casé\; the particle’s spin is measured
along the axis in directioa; and in casé\; along the axis in directios,. LikewiseB;  corresponds to measurements
along axisby » respectively. The outcomes, “up” or “down" along aaidor A is denoted a$s, = 1, respectively,
and likewise for the measurement by B along dxigsSg; = +1. The measurement is repeated many times. Ideally —
if all particles of all pairs are measured — the recordingthertwo detectors come as pairs. In each case, the direction
of the axis is known and it is recorded whether “up” or “downdsvmeasured. Putting afterwards the results from
both detectors together, one determines the four correl@p= (S Sg;) for i = 1,2 andj = 1,2 by averaging the
outcomes over the pairs. From these four objects one makethbination proposed by Clauser, Horne, Shimony
and Holt (CHSH)![20],

BCHSH= Cy1+ Cip— Cp1+Coo, @)

where “B” stands for Bell. Since only1 variables are involved, it will clearly hold that eg€hj| <1 andBCSHS< 4.
But a stronger bound can be derived. Manipulating with idgnets inside the averages, one has

BCHSH= ((Sa, — Sa,)Se1 + (Sa, + Snp) Se)- @)

Because th& variables are ali-1, one of the two combinations will be zero, while the othet-. This implies a
version of the Bell inequalities,

BCHSH< 2. (3

There are many papers that investigate in great rigour theityaof the steps made here, and they again lead to this
result.

In the quantum mechanical description of the measurememtate is supposed to be pure and described by the
state vectofy) = (| Ta)| T) — | la)| I8))/v/2. The measurement of the particle’s spin along axis described by
the operatos; - &, whered = (0o, 0y, 07) are the three Pauli matrices with = diag(1, —1) and we omit the prefactor
%ﬁ. Carrying out the manipulations, one finds that the maximuear the possible directions is taken when all vectors
are in a planea; is perpendicular t@, andb; perpendicular td,, while the angle betweem andb; is 45. The
value is therBCSHS= 21/2. [20]. In particular, a value 2 BCSHS< 21/2 is allowed by quantum mechanics, but
violates the Bell inequality{3).

We have not discussed how exactly the measurement is cauieanly that the results of all pairs were put together.
Itis standard to fix andj, sayi = 1, j = 2 and then to collect enough measurement outcomes to allowcgiatistical
analysis. This is how one uses, say, a neutron beam, duagg38 minutes. Next, in a standard setup one changes
eitheri or j, and repeats the measurement during, say, another 30 situitihis way, the four correlato(s; are
determined from consecutive measurements. This setupis gioough to get their values and to show that the Bell
inequality [3) can be violated. It was applied in the first ®fBIV by Freedman and Clauser [21].



Bell, however, proposed to choose the measuring directibAsand B randomly from their two possibilities, at a
moment well after the particles left the source, but welbbethey arrive at A and B. Itis this selection procedure that
brings in the issue of locality into the problem, that is tg,4he question whether all speeds are less than the speed of
light; if not, then the situation is called non-local. Nowtlife particles are separated from each other more than their
travel time multiplied by the speed of light, and detectoediions are randomly chosen, but happen to be in parallel
directions, then it appears always that one of them givesiphrégistration and the other a “down” registration. From
the point of angular momentum conservation this is obvibusjt is not obvious how the particles “get this done”.
Indeed, if the information about the — in this case paralldirections of the measurement axes is know only when
the particle distance is larger thaf) then, it seems, this information has to be transmitted detwhem with a speed
larger tharc. For this reason, Bell's conclusion is that BIV may point ahrocality. Alternatively, he noticed, it may
be due to the fact that registered values are not relatedmepies the particles had before the measurement, a break
of realism.

Either one or the other is broken, so BIV proves, accordingdt a breakdown of local realism. If this is true,
it puts a major barrier to simple views on the reality undedyquantum theory and a rather hopeless starting
point for attempts to improve on quantum theory by formulgta subquantum theory. Absence of local realism is
counterintuitive, not to say awkward, so before giving if we should really have not any other option.

Be it as it may, the first experiment along the lines devise@8®ly was carried out by Aspect, Dalibard and Roger
in 1982, thus consistent with having ruled out local realj2]. Their work generated a whole field of research, with
many contributions reported in V&xj6 meetings. So far, &gseed that BIV occurs in many different systems, e.g. for
photons, neutrons, ions and Kaons.

The contextuality issue arises in this discussion becauskefinition [1) we have put together correlators that
could not be measured simultaneously. In particular, we lidentified the averaging in the four terms, even though
different things are averaged over. In the standard setaprarasures them in separate runs. In the Bell-Aspect setup
one randomly chooses the directions of the measurementlaxeby the time the particles arrive, it is set at some
choice and from then on it looks as if it had been in that sthtbatime. So also then contextuality is present, and in
the same way.

HIDDEN VARIABLE MODELS

Bell’s hidden variable description

Bell considers that the measurements outcomesSthe +1 are determined by some set of hidden variables. Let
us denote the set pertaining to the measured particles stitailty by A; being created as a pair, it is supposed that
both particles both share the samesgthat travels with them. It seems natural to follow Bell asdume

G = [ dAP(M)Sk ()85, (A). @

In this way the four correlators all involve the samg\ ). Therefore Eq.[{3) can again be derived frath (1) usidg (2),
with angular brackets now denoting integrals guék ). Since measurements hint that values BCHSH< 2v/2 are
possible, Bell concludes that local hidden variable modelsot work and that Nature lacks local realism.

This argument seems so clear that most in the physics contyrareiconvinced that Bell is right.

About loopholes

Various loopholes are known. The first is the detection lad@hk- in experiments with photons at most 20% of
them are detected. Such may lead to biases. It was close@ iexfferiment of Rohe et al. [23]. The second is the
locality loophole: in experiments with ions the particles ot well separated, thus not excluding the possibility
of information transfer at speeds lower than light. It wasseld in the experiment of Weihs et al. [[24]. For neutron
doubile slit interferometry the spin information can notreireprincipal be separated from their path information [25]
Another case is the coincidence loophole: when can we spsakt she detection of a paii_[26]. Recently attention
was payed to the fair sampling loophole. So far, fair sangpitha hidden assumption in the analysis of data, that



cannot be checked. G. Adenier has defended in his PhD-ttiegi8IV proves that the fair sampling assumption is
violated, not local realism [27].

Since after 25 years since the Aspect experiment it appéhr® e very hard to close all loopholes in a single
experiment it has been supposed, see e.g. Santos [28] thatNasists loophole-free Bell experiments. Still, this
all is not our main theme. Our point will be that Bell went wgpaven before the issue of these loopholes has to be
addressed, because of the contextuality loophole, thatotde closed.

Improved hidden variables description

Bell’s argument would not convince Niels Bohr, since theed#irs have not been taken into account. Clearly, the
detectors consist of many particles and will also have mddgiablesAn andAg;. In this setup, each of the four
correlators can be written as

Gij :/d)‘/d)‘Ai/d)‘ijij()‘v)‘Aiv/\Bj)SAi (/\v/\Ai>SBj ()‘a)‘Bj)v (5)

where it is to be noted that we assume that the measured aduda@es not involve any parameter of B, hidden or
not. To come back to the steps of Bell, one has to assume thé&bthnp;; arise from one global distribution function
PG, So that, for instance,

P12 Aag, Aey) = / dAn, / eyp6(A, Ay, Aays As, AB,). )

and likewise forpy1, P21, P22. This is the new way in which contextuality enters: it is ased that there exists an
underlying distributiorpg of the sets of hidden variables of all the measurements, treergh they cannot be carried
out simultaneously.

With this relation, the manipulations that led frol (1) i ¢&n be repeated and the same Bell inequality can be
derived. It being violated in experiment, one then conciutthat Bell was basically right, the detectors bring no new
information, and hidden variable models are excluded. Engaining focus is then to close the loopholes and prove
that Bell was indeed right.

QUANTUM MEASUREMENTS

One point overlooked by Bell is thus the role of the hiddenalzes of the detectors. Contrary to Bohr’s philosophy,
Bell did not include them explicitly in his consideratiof$is may be blamed to an attitude created by the projection
postulate of quantum mechanics. In textbooks it is mostktylated that a quantum measurement amounts to a non-
unitary projection of the quantum state on an eigenstatieeofiteasured operator. This idealized notion is completely
different from what is common practice in experimental latories. Indeed, quantum measurements are dynamical
processes too that can be described within quantum meahanic

Indeed, it has been possible to consider a rich enough modahfapparatus that can perform the measurement of a
spin % The apparatus is an Ising magnet, consisting of a large auoflgjuantum spin%, coupled to each other only
via their z-components (Ising character) and also coupladiath. The magnet starts out in a metastable paramagnetic
state, and by coupling to the tested spin, the magnetizatidriven into its stable up- or down ferromagnetic state.
Here the metastability offers a multiplication of the wealagtum signal of the tested spin into the macroscopic,etabl
up- or down value of the magnetization at the end of the measaint, that is easily recorded. The bath is also needed,
namely for dumping the excess (free) energy from the instiale of high (free) energy. In this model, the Schrddinger
cat states disappear quickly, first by an NMR-type dephadirgto the interaction of the tested spin with the spins
of the magnet, and then, in the dephased situation, all meofdhe initial state is erased by decoherence due to the
coupling to the bath.

This approach thus describes a quantum measurement asificgpecess of quantum mechanics, in which two
important timescales are concerned: the small dephasiegdnd the somewhat larger decoherence time of the off-
diagonal terms, and the larger registration time of the alia elements, that is, the time in which the up- or down



magnetization is built up. If all are still rather small, omay consider these processes effectively as “instantafieou
and the collapse as a non-unitary evolution. This is whaiuglit in most textbooks, and we stress that to an extent
it is misleading. The collapse view holds only in an effeetdense, in reality the complete dynamics is unitary in the
full Hilbert space of tested system and the apparatus. Fnemaint of view of the tested system, it is an open system
dynamics.

Wheredid Bell maketheerror?

The error of Bell lies in the assumption of the existence piasee Eq.[(6). This was not explicit, since Bell did
not include the role of detectors in his formulas. It was apliait error, due to the hidden assumption that detectors
could be left out in the final argument.

But it is absolutely not true that, if one knows the marginbkre thepij (A, Ax,Ag;) fori =1,2 andj = 1,2, one
may conclude that a common distributipg exists. There are theorems on this and there are explicihpbes in
which some probabilities then have to be negative [29]. Hited does not make sense, so it is better to say that a
commonpg does not exist. Physically this is not a complete surpriseabse anyhow the relevant experiments could
not be carried out simultaneously. This uncomfortable Kedge thus appears to express itself also by absence of a
common probability distribution (mathematicians say:ear® of a common probability space).

In fact, the only requirement one should impose on the distion in Eq. [b) is parameter independence, that is,

[ depi(Adnde) =2 M), (=12 =12 ™

In other words, the presence of a detector at B has no effeabjeets solely determined at A.

STOCHASTIC ELECTRODYNAMICS

So far, so good, the above is common knowledge — even thougbonamonly accepted. On my way back from
the Vaxjd 2008 conferendeundations of Probability and Physicst® my home-town Amsterdam, | realized at the
airport of Copenhagen — it had to be there — that a physicainaegt can be brought into the discussion of hidden
variable theories such as SED and alikes. In such theomes #re specific hidden variables, those that, at somelinitia
time, set the stochastic forces acting on the measurempatapses. A different setting of an apparatus correspgonds

a physically different situation and thus to physicallyfelient sets of these hidden variables. In each setting dives

the quantum working of the relevant apparatus, includingosfie outcomes when members of a pair are measured
along parallel axes. There is no physical reason why foedifit apparatuses the hidden variables should have the
same nature, that is, have a common distribution, that idefined on a common probability space.

This can be made more explicit by imagining that when AliagEsector is in directiomy, there will be put some
other apparatus in directia. It is immaterial what this is exactly doing, but for sure ifle driven by the hidden
variables that would drive Alice’s detector were it in thisetttion. Now it is clear that we speak abaqltysically
exclusive situationsach setup\; , is distinctive and it excludes the othéy; 1: One can't have the cake and eat it.
Again, for this very reason there is no justification to assuhat their hidden variables are described by a common
distributionpg.

In any hidden variable theory, one may expect emission oétiath by Lorentz damping, i. e. accelerated electrons.
This is a physical effect, which in SED is statistically batad by the stochastic forces to reach an equilibrium
“guantum” state, due to the presence of a fluctuation-dagisip theorem|3]. This brings once more a physical aspect
of detectors, once more precluding attempts to put diffesetups together. Even if this Lorentz damping is not
measurable nowadays, we only need to think of the heating bfahe apparatus (and by the second, irrelevant one,
if it is there), surely a measurable effect, to realize thfferent setups of the detectors exclude each other arsl thu
have no cause for possessing a common hidden variablegbdisin.

Within SED there is a clear understanding of the Bell-Aspaeitching of detector directions: this just has no
influence. What counts is the position of the detector at tloenant when the particle arrives, not what happens
before. Freedman and Clauser already employed this faat wiresidering detectors without random switching [21].



David Mermin has formulated a pedagogic model where the neesndif the particle pairs carry instruction sets for
the outcomes of the detectors, which contradicts this csimh [30]. However, Adenier showed that his model can
reproduce quantum results if non-detection events araded in the instruction sets [31].

CONCLUSION

Violations of Bell inequalities occur in Nature if loopheleee situations can be reached. The BIV of quantum physics
are adequately explained by quantum theory. Though lo@ghwve yet not been closed, we would be very surprised
if quantum theory would not give the right answer. Indeed,did not, then how could it work so well otherwise?

It has always stunned me that Bell's simple hidden variadigament could have such profound implications as the
absence of local reality. With some experience in derivimgsical results to explain observations in various fields, t
Bell analysis has always appeared rather abstract (mattoathand suspiciously simple to me. The above concrete
step of a physical implementation of the non-contextualigument makes clear to me on a physical basis that Bell just
overlooked a mathematical issue. The contextuality arguimets his conclusion where it should be: a mathematical
derivation devoid of a clear physical mechanism, that carehded on the basis of proper mathematics, contextuality,
or, as we showed, on the basis of physics, exclusivenesferfadit detector setups.

So far, in literature it is claimed only that a violation ofIB@eequalities leads to absence of a common distribution.
Our physical argument of exclusiveness of detector setiggemclear that it must also be absent when the Bl are not
violated.

Assuming a common distribution function for hidden varebbdf incompatible experimental setups is like adding
apples and oranges. It is known that two apples plus threegesado not add up to five bananas. Likewise, even
when combining the outcomes of results of incompatibleetioes lead to results described by quantum theory, this
managing of data does not yield information about deep ph/properties such as locality or realism. The physical
input is much too poor to address those physical questidrey &re, in my view, out of sight of the progress in physics
that we may hope for in next decades.

Bell inequalities are of profound physical interest, asgvet they have no say on local reality. Experimental tests
of non-local realism, though reported in Ref.|[32] in conimt with Bell inequalities, are actually far beyond the
present level of understanding and manipulation. Naturg pegsess local realism or not, Bell inequalities have no
say on that. For now we can just keep our cards on the famggrraption of Nature possessing local realism.

As for searching the local reality underlying quantum tlyedrconclude that Bell has kept us nicely busy, by
obscuring the goal. We shall gratefully forgive him, he askaportant questions and his efforts led to new fields
such as quantum communication and quantum cryptographwattract mathematical reasoning has a faint chance
to capture relevant physical mechanisms, and once againves the lesson to learn. Now it is time to get physics
back to the forum of particles, forces and hidden varialités really time to move on! For recent attempts, see, e. g.,
[33].
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