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Abstract 
We discuss the problem of the generalization of Bell local hidden variable 
models for unstable particles as nucleons or decaying quantum bound states. 
We propose to extend the formalism of real deterministic hidden variables in 
the complex domain, in analogy with the quantum Gamow ket formalism, 
and we introduce a time dependent classical probability density distribution 
by which we implement hidden time dependence in the quantum expectation 
values. We suggest therefore a classical framework which may recover by 
asymptotic temporal limits the standard Bell stationary quantum statistical 
averages. Endly we discuss the possible relevance of our proposal for general 
non-isolated quantum systems in noninertial frames and the consequent dy-
namic effects of vacuum instabilities on E.P.R. tests and Q.M. ensemble sta-
tistical averages. 
 

Keywords 
Entangled Unstable Particles, Complex Hidden Variables, Path Dependent 
Expectation Values, Time Dependent Bell Inequalities 

 

1. Introduction 

Since the pioneer work of Einstein, Podolsky and Rosen [1] against the standard 
Copenhagen interpretation of Quantum Mechanics on hidden variables have 
been debating the presumed incompleteness of quantum microscopic systems 
studying the dynamics of stable free particles like electrons. This first proposal 
was not aimed to show the possibility to describe by a classical model the reality 
of the trajectory of a bound electron or that one of a decaying nucleus but was 
intended to show how to measure simultaneously the position and momentum 
of a beam of entangled electrons [2]. Despite it was an alternative proposal to 
bypass Heisenberg uncertainty principle it was continued to be used the stan-
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dard wavefunction collapse postulate (supposed to be instantaneous) and the 
Born probability interpretation of the quantum wavefunctions [3]. 

This model showed that the assumption that Quantum Mechanics describes 
completely quantum states implies the absurd consequence of “spooky action at 
distance” between entangled and well separated electrons and therefore they 
suggested to abandon the epistemic statistical interpretation of Quantum Me-
chanics. This work, even if it didn’t context specific experimental predictions of 
the standard formalism, inspired the hidden variable model of Bohm [4]. 

This author simplified the original E.P.R. model, introducing the seminal idea 
to substitute the momentum entanglement with the spin entanglement of elec-
tron pairs, paving the way to the extension of hidden variable models for photon 
spin polarization pairs (which has been till now the most experimentally tested 
formulation of hidden variable models). Bohm, even if convinced of the impor-
tance of the Einstein belief on the necessity to give a space-time description of 
electron dynamics and electron spin (notwithstanding the Pauli strong opposi-
tion against this realistic point of view), focused his original proposal on the 
problem of the expectation values of quantum singlet states, described by its 
hidden variables (assuming the Bohr hypothesis of uncontrollable effect of the 
apparatus on the system). This quantum singlet state framework was then 
adapted from Bell for deducing his famous theorem [5]. 

Curiously during the thirty years, that started with the EPR paper to the cele-
brated discovery of Bell inequalities, particle physics discovered a lot of unstable 
particles and was developed a theory of nuclear fission [6] (based on classical 
concepts of nuclei traiectories) which didn’t attract the attention of Einstein and 
his followers. Notwithstanding the formalism developed by Gamow for nuclear 
physics [7] described these particles states with wavefunctions which didn’t be-
long to HiIlbert space (and that were not eigenstates of hermitian operators) it 
was applied to them the Born probability interpretation and the wave function 
collapse postulate to make predictions that were then successfully experimentally 
tested. 

Strangely this contradictory approach, based on Gamow kets on the one hand 
and on the Schrodinger equation dynamics and Pauli spin operators on the other, 
was not strongly outlined by the famous opponents of the Copenhagen interpreta-
tion and it was not considered as a new theoretical and experimental context suit-
able to develop classical deterministic models of quantum accelerated systems as 
unstable nucleons or excited quasi bound states of atoms and ions. 

On our opinion, it is possible to implement this research program for every 
non-isolated quantum system exploiting some ideas developed in three previous 
papers of the author [8] [9] [10] introducing time dependent complex hidden 
variables (either scalars, vectors or matrices as moments of inertia) and general-
izing the standard integral on the probability density distribution as a complex 
path dependent one. 

This novel tentative approach that we propose to generalize hidden variable 
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theories, which will be explained more deeply in the next paragraph, shares with 
some recent papers [11] [12] [13] the view that Bell’s Theorem successful ex-
perimental tests are a by-product of the non-sinusoidal behaviour of all quan-
tum two-particle spin correlations. Differently from these authors we don’t con-
sider projected spin of unstable particles as dichotomic real variables but as 
complex time dependent vectors which makes the Bell correlation functions and 
Bell inequalities dependent on time dependent complex angles; we propose, 
more generally, to explain every E.P.R. experiment for entangled open quantum 
systems with this non-sinusoidal two particle correlation functions. Therefore 
our alternative framework conceives each quantum particle, either free or bound 
state, as an unstable state with hidden time dependent energy bandwidth and 
complex variable magnetic moment (and variable imaginary mass) caused by its 
intrinsic coupling with the fields of surrounding particles and the induced vac-
uum fluctuations. We wish to remark that, as some authors recently argued [14] 
[15], the original aim of the realistic view of Einstein, strongly contrasted by the 
epistemic probabilistic approach of Bohr and Heisenberg uncertainty relations 
for non-commuting operators, was to give a real static numerical value to each 
observable of a quantum system prior to its interaction with the apparatus ( Ein-
stein idea of hidden variable is, we think, an analogue of a hidden initial condi-
tions for Newtonian classical differential equation); this assumption, however, 
doesn’t imply that these values have to be real ones, as, on the contrary, was im-
plicitly implemented in the deterministic model of Bohm [4], and subsequently 
was used from Bell to deduce his inequalities, assuming that its restricted family 
of local hidden variable models had rotational symmetry and dicotomic pro-
jected spin values on the singlet state( without this hypothesis the Bell correla-
tion functions are no more cosinusoidal [5]. In the following paragraph, we will 
expose our alternative proposal and in the last paragraph, we will discuss its pos-
sible extension to general open quantum systems and suggest some possible ex-
periments to test it. 

2. Model 

Our proposal will not consider entanglement polarizations of photon pairs since 
we think that they concern Q.E.D. quantum states and the controversial hy-
pothesis of photon indivisibility; in fact we think that photon entanglement 
should be based on generalization of the Bell inequalities to entanglement of 
Fock states (which needs an infinite dimensional path integral generalizations of 
classical ensemble averages); over more to define perfect two-photon entangled 
polarized state, it is necessary to assume stability of the photon vacuum state, 
considering irrelevant the effect of background fields and inertial forces of the 
rotating Earth. 

We prefere instead to study the standard formalism of singlet state of two spin 
entangled systems which can be exploited to describe bound states of unstable 
nucleons or bound states of atoms or molecules [16]. 

https://doi.org/10.4236/jamp.2021.910154


G. Bei 
 

 

DOI: 10.4236/jamp.2021.910154 2433 Journal of Applied Mathematics and Physics 
 

( ) ( ) ( ) ( )1 1 2 1 2
2 + − − +Ψ = Ψ Ψ −Ψ Ψ                 (1) 

where the factorized wavefunctions Ψ, belonging to a separable Hilbert space, 
are usually relative to one electron state with spin up or down along a predefine 
direction with respect to the chosen magnetic axis of a Stern-Gerlach apparatus. 
We want to note that this framework is based on the hidden assumption that 
this singlet quantum system is suitable for describing isolated entangled parti-
cles, assuming that the zero intrinsic total angular momentum is conserved in 
the future if its dynamics are supposed to have rotational symmetry (that is 
equivalent to exclude any hidden spin-orbit coupling neither with the environ-
ment nor with the apparatus). We think that this approach is not realistic when 
it is applied to accelerated and deformable nucleons produced by the decay of 
unstable nuclei (making the spin quantized dichotomic variable not well justified 
for time dependent magnetic dipole of accelerated nucleons or ions); in particu-
lar we believe it is necessary to make time dependent the expectation value of a 
generic observable A generalizing the Bell stationary one definition 

( ) ( ) ( ), , dA Aλ λ ρ λ λ= ∫a a                    (2) 

in the following way 

( )( ) ( )( ) ( )( ) ( )( )( )
, , d

t
A i t A i t i t i t

γ
λ λ λ λ ρ λ λ λ λ′ ′ ′+ ∆ = + ∆ + ∆ + ∆∫a a .  (3) 

where a is the versor parallel to the magnetic field of the detector, A is the ob-
servable to be measured and the integral is a path dependent one in the complex 
plane (or complex hyper-planes) of the generalized hidden variable complex 
space λ averaged on the time dependent density distribution ρ. 

We assume, for example, that the hidden variable describing the spin is a 
complex time dependent vector making spin projected angles experimental meas-
ured not perfectly defined but acquiring an imaginary non-stationary compo-
nent (dependent on atomic energy variable bandwidth or on nucleus time de-
pendent mass defect). 

Consequently, we have to take into account a coherent time dependent gener-
alization of Bell two-particle correlation function of local hidden variable mod-
els, assuming that the probability density distribution is not stationary. 

( ) ( ) ( ) ( ), , , , dP A B tλ λ ρ λ λ= ∫a b a b                 (4) 

This classical time dependent correlation function must be compared with 
that one stationary predicted by Quantum Mechanics 

( ) ( ), . , cos ,Q MP = − ⋅ = −a b a b a b                   (5) 

where a e b are the standard versors of the axis of the magnetic fields of each de-
tector. We interprete the introduced non-stationary density distribution ρ as a 
time dependent, or memory dependent, sub-ensemble partition of the distin-
guishable elements of the ensemble of detected pairs of entangled particles (this 
assumption implies that detectors count rates may have hidden memory ef-
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fects).Since we don’t assume that the entanglement of two unstable particles sat-
isfy perfect anti-correlation (the apparatus and the dynamic vacuum break in 
our approach the rotational symmetry), the correlation defined in (4) follows the 
generalized relation dependent on an unknown function f (whose determination 
will be studied in a work the author is preparing) 

( ) ( )( ),P f tλ= − ∆a a                       (6) 

Instead of the standard one 

( ), 1P = −a a                          (7) 

which is used in recent similar papers on Bell’s Theorem and supporting Ein-
stein local realism [11] [12] [13]. 

We remark that it may be possible to test directly our proposal conceiving ex-
periments with oscillating axis of magnetizations to be described by complex 
versors a(t) and b(t), to be inserted in Equation (5), which make Quantum Me-
chanics predicted correlation functions asymptotically cosinusoidal. 

Our framework could recover the standard stationary Bell correlation func-
tions if the versors dynamics is ergodic; in fact the E.P.R. experimental tests are 
just a by-product of a finite discrete time series of a great number of data sets, 
which converges asymptotically to the quantum mechanical ensemble statistical 
averages, if it is valid for these numerical sets the law of great numbers, that is by 
assuming 

( ) 1

1, lim N
N n nnP a b a b

N→∞ =
= ∑ .                  (8) 

The Copenhagen interpretation of Quantum Mechanics works as long as P of 
(8) converges to the standard relation (5). 

To make our hidden variable model experimentally testable we have to intro-
duce a similar time dependence in the C.H.S.H. hidden variable correlation 
function [17] 

( ) ( ) ( ) ( ) ( ), , , , ,BellE P P P P++ −− +− −+= + − −a b a b a b a b a b         (9) 

which for Hilbert quantum states satisfies 

. cos 2Q ME α=                         (10) 

(this relation cannot be deduced for the unstable states described by Gamow ket 
states), where α is the relative angle between the magnetic fields of the two de-
tectors. 

Our model can be falsified by testing the following generalized relation 

( ) ( ) ( )( ), ,BellE E F tλ= ∆a b a b .                 (11) 

where the unknown function F must be determined by a future self consistent 
model. This relation can be compared with the Quantum Mechanics predicted 
violation by imposing the following asymptotic limit 

( )( )lim cos 2t F tλ α→+∞ ∆ =                   (12) 
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where α is the relative angle between the two detector axis. 
Therefore our alternative approach based on local complex hidden variable 

doesn’t satisfy anymore at each instant t the C.H.S.H. inequality [17] 

2S ≤                            (13) 

where the parameter S is defined as usual by 

( ) ( ) ( ) ( ), , , ,S E E E E′ ′ ′ ′= − + +a b a b a b a b .           (14) 

We think that by inserting the generalized E defined in (11) in the second 
member of (14), the relation (13) is violated, showing that our model is com-
patible with the experimental tests supporting violations of Bell Inequalities. 

We outline that the standard formalism assumes stationary expectation values 
since it is assumed the postulate of instantaneous collapse of the wavefunction; 
on the contrary, if one considers finite time spin measurements it follows that 
the detector clicks can be influenced from what happened in the past. The need 
to extend local hidden variable models to the measurement process expressed by 
Bell and his followers was implemented testing in the laboratory the C.H.S.H. 
inequality with the pragmatic relation [16] 

4 2S
η

≤ −                           (15) 

where η is the detector efficiency parameter that is always less than one for real 
detectors (making it equivalent to the standard inequality violated in E.P.R. ex-
periments). We note that our generalized time dependent C.H.S.H. function S 
can be recasted as a detection efficiency dependent function of (13) imposing the 
following condition 

( )( ) ( )( ) ( )( )( ). .
4 2 Q MF t S E i t

t
λ α α

η λ
∆ = − = + ∆

∆
         (16) 

where the imaginary relative angle inserted in the function E of formula (10) 
takes into account that the spin of unstable particles is not a well defined real 
value since it depends on the hidden fluctuating energy bandwidth. Although 
our proposal is not a self consistent model, since it depends on the unknown 
function f and F, introduced in (6) and (11), we hope will stimulate other au-
thors to look for a realistic description of the spin of accelerated unstable sys-
tems, that has till now based on the Pauli operatorial formalism describing the 
spin of free isolated electrons (whose extension in accelerated frame and for ex-
tended particles is still lacking). 

We note over more that relation (13) is usually tested in anon inertial frame 
that is the rotating Earth, where is present the background gravity field too. 
Therefore, we think, it should be generalized the formula of the detector effi-
ciency η making it dependent on the Earth gravity and rotation and on the vac-
uum index induced by background fields 

( )( ), , ,n x tη η= g a                       (17) 

where ( ),n x t  is the vacuum index of hidden fast induced vacuum polariza-
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tion; we interpret it as caused by background fields of accelerated and radiating 
unstable quantum systems. We wish we will be able to develop more deeply in a 
future work an infinite dimensional hidden variable model of non relativistic 
vacuum fluctuations. 

We believe that path integral averages on the infinite dimensional space of 
vacuum indexes might be useful for a deterministic reformulation of finite time 
photon pair creation and annihilation and maybe, more generally, of Q.E.D. 
theory in accelerated frames (that has been so far successfully tested not in an 
inertial frame but in the Earth rotating frame of reference). 

We think that this new theoretical framework could be experimentally tested, 
comparing its predictions with the standard one, once it is developed a self- 
consistent wave pilot wave model of vacuum fluctuations with memory. This al-
ternative model could describe exactly the time dependence of the imaginary 
hidden variables, implementing, we suggest, a continuous space time description 
of the spin variable caused by hidden path memory dependent forces [10]. 

We believe that this research program might allow to make more accurate ex-
perimental tests of the validity in nuclear physics of the uncertainty principle 
and of the instantaneous wave function collapse postulate looking for path 
memory dependent nucleon impulses and forces. We want to remind once more 
that till now every Bell tests have been conceived for presumed isolated stable 
systems, disregarding gravity induced vacuum entanglement [18] and the dy-
namic decoherence effect due to time dependent background fields. On the con-
trary, we believe, as suggested recently by some authors [19] [20], that it is nec-
essary to look for hidden variable models of vacuum fluctuations (and its cou-
pling with the apparatus) and to speculate on infinite dimensional generaliza-
tions of Bell’s Theorem for unstable particles viewed as excitation states of unstable 
vacuum, exploiting the new concept of dynamic vacuum [21]. Therefore we hope 
that our tentative proposal will stimulate researchers to go beyond the abstract for-
malism of Quantum Mechanics used so far for describing the spin of extended ac-
celerated nucleons and nuclei as quantized eigenvalues of non-commutating op-
erators and will be useful for describing more generally the entanglement of 
quantum systems in non inertial frames [22]. 

3. Conclusion 

We illustrate in this work our tentative proposal aimed to implement the realis-
tic approach of Einstein to Quantum Mechanics in the context of nuclear phys-
ics, where the standard probabilistic description concerns the dynamics of de-
caying unstable quasibound nucleons. We propose to generalize Bell local hid-
den variable models to such general unstable quantum states introducing com-
plex time dependent hidden variables vectors and angles and time dependent 
expectation values, which could give a classical explanation of Bell inequalities 
violations, by the introduction of complex time dependent spin vectors. We 
suggest to compare experimentally the asymptotic temporal limits of this path 
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memory dependent averages with the standard stationary predictions deduced 
from Bell’s Theorem, conceiving experiments of Stern-Gerlach apparatus with 
oscillating magnetic axis. Finally, we hope that this new tentative approach to 
hidden variable models could be applied to develop a deterministic model of 
every microscopic open quantum system (such as decaying nuclei or excited in-
teracting atoms) and could, more generally, shed new light on the incomplete-
ness of the standard Quantum Mechanics formalism for describing the dynamics 
of extended accelerated particles in a dynamic vacuum. 
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