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A New Causal Interpretation of EPR-BExperimentMihel Gondran Alexandre GondranUniversity Paris Dauphine, Paris, Frane, SeT Lab, UTBM, Belfort, Frane,mihel.gondran�polytehnique.org alexandre.gondran�utbm.frMarh 3, 2009AbstratIn this paper we study a two-step version of EPR-B experiment, theBohm version of the Einstein-Podolsky-Rosen experiment. Its theoretialresolution in spae and time enables us to refute the lassi "impossibility"to deompose a pair of entangled atoms into two distint states, one foreah atom. We propose a new ausal interpretation of the EPR-B exper-iment where eah atom has a position and a spin while the singlet wavefuntion veri�es the two-body Pauli equation. In onlusion we suggesta physial explanation of non-loal in�uenes, ompatible with Einstein'spoint of view on relativity.keywords: EPR-B - ausal interpretation - entangled atoms - two-bodyPauli equation - singlet state1 IntrodutionThe nonseparability is one of the most puzzling aspets of quantum mehanis.For over thirty years, the EPR-B, the spin version proposed by Bohm [5, 6℄ of theEinstein-Podolsky-Rosen experiment [1℄, the Bell theorem [2℄ and the BCHSHinequalities [2, 3, 4℄ have been at the heart of the debate on hidden variablesand non-loality; but hitherto the preise nature of the physial proess that liesbehind the "non-loal" orrelations in the spins of the partiles has remainedunlear.Many experiments sine Bell's paper have demonstrated violations of theseinequalities and have vindiated quantum theory [7, 8, 9, 10, 11, 12, 13, 14, 15,16, 17℄. The �rst one was done with pairs of entangled photons and learlyviolate Bell's inequality [10, 11, 12, 13℄. Entangled protons have also beenstudied in an early experiment [9℄. The generation of EPR pairs of massiveatoms instead of massless photons has been onsidered [14, 15℄; it also showsexperimental violation of Bell's inequality with e�ient detetion [15℄.In a new experiment, Zeilinger and all [26℄ measure previously untestedorrelations between two entangled photons, they show that these orrelationsviolate an inequality proposed by Leggett for non-loal realisti theories [25℄.1



Figure 1: Shemati on�guration of EPR-B experiment.The usual onlusion of these experiments is to rejet the non-loal realismbeause the impossibility to deompose a pair of entangled atoms into two states,one for eah atom.In this paper we show, on the EPR-B experiment, that this deompositionis possible: a ausal interpretation exists where eah atom has a position and aspin while the singlet wave funtion veri�es the two-body Pauli equation.To demonstrate this; we onsider a two-step version of EPR-B experimentand we use an analyti expression of the wave funtion and the probabilitydensity. The expliit solution is obtained via a omplete integration of thetwo-body Pauli equation over time and spae.A �rst ausal interpretation of EPR-B experiment was proposed in 1987 byDewdney, Holland and Kyprianidis [21, 22℄. This interpretation had a �aw: thespin of eah partile depends diretly on the singlet wave funtion, and so thespin module of eah partile varied during the experiment from 0 to ~

2 .The expliit solution in terms of two-body Pauli spinors and the probabilitydensity for the two steps of the EPR-B experiment are presented in setion2. The solution in spae and time shows how it is possible to dedue tests onthe spatial quantization of partiles, similar to those of the Stern and Gerlahexperiment.In setion 3, we provide a realisti explanation of the entangled states anda method to desentangle the wave funtion of the two partiles.The resolution in spae of the equation Pauli is essential: it enables thespatial quantization in setion 2 and explains determinism and desentangling insetion 3.In onlusion we propose a physial explanation of non-loal in�uenes, om-patible with Einstein's point of view on relativity.2 Simulation and tests of EPR-B experiment intwo stepsFig.1 presents the Einstein-Podolsky-Rosen-Bohm experiment. A soure S re-ated in O pairs of idential atoms A and B, but with opposite spins. The atomsA and B split following 0y axis in opposite diretions, and head towards twoidential Stern-Gerlah apparatus A and B.The eletromagnet A "measures" the A spin in the diretion of the Oz-axisand the eletromagnet B "measures" the B spin in the diretion of the Oz'-axis,2



whih is obtained after a rotation of an angle δ around the Oy-axis.We further onsider that atoms A and B may be represented by Gaussianwave pakets in x and z. We note r = (x, z). The initial wave funtion of theentangled state is the singlet state:
Ψ0(rA, rB) =
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2 )|±B〉). We treat lassially dependenewith y: speed −vy for A and vy for B.The wave funtion Ψ(rA, rB , t) of the two idential partiles A and B, ele-trially neutral and with magneti moments µ0, subjet to magneti �elds BAand BB, admits in the basis |±A〉 and |±B〉 4 omponents Ψa,b(rA, rB , t) andveri�es the two-body Pauli equation [24℄ p. 417:
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0 (rA, rB) orrespond tothe singlet state (1).We take as numerial values those of the Stern-Gerlah experiment withsilver atoms [18, 19℄. For a silver atom, one has m = 1, 8 × 10−25 kg, vy = 500m/s , σ0=10−4m. For the eletromagneti �eld B, Bx = B′
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∣∣ = 103 Tesla/m over alength ∆l = 1 cm. The sreen that interepts atoms is at a distane D = 20 cm(time t1 = D
vy

= 4 × 10−4s) from the exit of the magneti �eld.One of the di�ulties of the interpretation of the EPR-B experiment is theexistene of two simultaneous measurements. By doing these measurements oneafter the other, the interpretation of the experiment will be failitated. That isthe purpose of the two-step version of the experiment EPR-B studied below.2.1 First step: Measurement of A spin and position of BIn the �rst step we make, on a ouple of partiles A and B in a singlet state, aStern and Gerlah "measurement" for atom A, and for atom B a mere impatmeasurement on a sreen.It is the experiment �rst proposed in 1987 by Dewdney, Holland and Kypri-anidis [21℄.Consider that at time t0 the partile A arrives at the entrane of eletro-magnet A. △t is the rossing duration of eletromagnet A and t is the timeafter the A exit. The wave funtion an be alulated, from the wave funtion(1), term to term in basis [|±A〉, |±B〉℄. After this exit of the magneti �eld A,at time t0 + △t + t, the wave funtion (1) beomes [19℄:
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with
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.We dedue that the beam of partiles A is divided into two, while the Bbeam of partile stays one. This result an easily be tested experimentally.Moreover, we note that the spae quantization of partile A is idential tothat of an untangled partile in a Stern and Gerlah apparatus: the distane

δz = 2(z∆ + ut) between the two spots N+ (spin +) and N− (spin −) of afamily of partile A is the same as the distane between the two spots N+ and
N− of a partile in a lassi Stern and Gerlah experiment [19℄. This result aneasily be tested experimentally.We �nally dedue from (7) that:

• the density of A is the same, whether partile A is entangled with B ornot,
• the density of B is not a�eted by the "measurement" of A.These two preditions of quantum mehanis an be tested. Only spins areinvolved. We onlude from (4) that the spins of A and B remain oppositethroughout the experiment.2.2 Seond step: "Measurement" of A spin, then of Bspin.The seond step is a ontinuation of the �rst and results in realizing the EPR-Bexperiment in two steps.On a ouple of partiles A and B in a singlet state, �rst we made a Sternand Gerlah "measurement" on the A atom between t0 and t0 + △t + t1, thena Stern and Gerlah "measurement" on the B atom with an eletromagnet Bforming an angle δ with A between t0 + △t + t1 and t0 + 2(△t + t1).Beyond the exit of magneti �eld A, at time t0+△t+t1, the wave funtion isgiven by (4). Immediately after the "measurement" of A, still at time t0+△t+t1,if the A measurement is ±, the onditionnal wave funtions of B are:

ΨB/±A(rB, t0 + △t + t1) = f(rB)|∓B〉. (8)4



To measure B, we refer to the basis |±′
B〉 where |±′

B〉 are the eigenvetors ofthe spin operators ŝz′
B
in the z'-diretion pertaining to partiule B. We noter′ = (x′, z′). So, after the measurement of B, at time t0 + 2(△t + t1) theonditional wave funtions of B are:
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B〉. (10)We therefore obtain, in this two steps version of the EPR-B experiment, thesame results for spatial quantization and orrelations of spins as in the EPR-Bexperiment.3 Causal interpretation of the EPR-B experimentWe assume, at moment of the reation of the two entangled partiles A and B,that eah of the two partiles A and B has an initial wave funtion ΨA
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f(rA)f(rB) × (|+A〉|−B〉 − |−A〉|+B〉)whih is the same as the singlet state, fator wise (1).Thus, we an onsider that the singlet wave funtion is the wave funtion ofa family of two fermions A and B with opposite spins: diretion of initial spinA and B exist, but is not known. It is a loal hidden variable whih is thereforeneessary to add in the initial onditions of the model.This is not the interpretation followed by the shool of Bohm [21, 22, 24, 23℄in the interpretation of the singlet wave funtion; they suppose, for example, azero spin for eah of partiles A and B at the initial time.It remains to determine the wave funtion and the trajetories of partilesA and B: from the entangled wave funtion, initial spins and initial positions ofeah partile.We assume therefore that the intial position of the partile A is known(xA
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0 = 0, zA
0 ) as well as the partile B (xB
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0 ).3.1 Step 1: Measurement of A spin and position of BEquation (4) shows that the spins of A and B remain opposite throughout step1. Equation (7) shows that the densities of A and B are independent; for Aequal to the density of a family of free partiles in a lassial Stern Gerlahapparatus, whose initial spin orientation has been randomly hosen; for B equalto the density of a family of free partiles.5



The spin of a partile A is orientated gradually following the position of thepartile in its wave into a spin + or −. The spin of partile B follows that of A,while remaining opposite.In the equation (4) partile A an be onsiderd independent of B. We antherefore give it the wave funtion
ΨA(rA, t0 + △t + t) = cos
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0 f−(rA, t)|−A〉 (11)whih is that of a free partile in a Stern Gerlah apparatus and whose initialspin is given by (θA
0 , ϕA

0 ).In de Broglie interpretation [23℄, partile veloity is proportional to the gradi-ent of the wave funtion phase. See ompute exemples for Young experiment [20℄and Stern-Gerlah experiment [19℄. So, the equation of its trajetory is givenby the following di�erential equations: in the interval [t0, t0 + ∆t]:
dzA

dt
=

µ0B
′
0t

m
cosθ(zA, t)with tan

θ(zA, t)

2
= tan

θ0

2
e
−

µ0B′
0t2zA

2mσ2
0 (12)with the initial ondition zA(t0) = zA

0 ; and in the interval t0 + ∆t + t (t ≥ 0):
dzA

dt
= u

tanh( (z∆+ut)zA

σ2
0

) + cos θ0

1 + tanh( (z∆+ut)zA

σ2
0

) cos θ0et tan
θ(zA(t), t)

2
= tan

θ0

2
e
−

(z∆+ut)zA

σ2
0 . (13)

θ(zA(t), t) desribes the evolution of the orientation of spin A.The ase of partile B is di�erent. B follows a retilinear trajetory with
yB(t) = vyt, zB(t) = zB

0 and xB(t) = xB
0 . By ontrast, the orientation of itsspin moves and it was θB(t) = π − θ(zA(t), t) and ϕB(t) = ϕ(zA(t), t) − π.We an then assoiate the wave funtion:
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. (14)This wave funtion is spei�, beause it depends upon initial onditions of A(positions and spins). The orientation of spin of the partile B is driven by thepartile A through the singlet wave funtion. Thus, the singlet wave funtion isthe atual non-loal hidden variable.Figure 2 presents a plot in the (z, y) plane the trajetories of a set of 5 pairsof entangled atoms whose initial harateristis (θA

0 = π − θB
0 , zA

0 = zB
0 ) havebeen randomly hosen. The trajetories will therefore depend on both the initialposition z0 and the initial spin orientation θ0. Sine the spin initial orientationare di�erent, trajetories of the A partiles may interset.3.2 Step 2: "Measurement" of A spin, and then B spinUntil time t0 + △t + t1, we are in the ase of step 1. Immediately after the"measurement" of A at the time t0 + ∆t + t1, if the A measurement is ±, theonditional wave funtion of B is given by (8).6
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Figure 2: Five pairs of trajetories of entangled partiles. Arrows represent thespin orientation (θ).Then partile B is in position (xB
0 , zB

0 ).We are exatly in the ase of a partile in a Stern and Gerlah magnet Bwhih is an angle δ with A.To measure the spin of B, we refer to the basis |±′
B〉. So, after the measure-ment of B, at time t0 +2(△t+ t1), the onditional wave funtions of B are givenby (9) and (10), and we �nd again the quantum orrelations.4 ConlusionFrom the wave funtion of two entangled partiles, we have determined spins,trajetories and also a wave funtion for eah of the two partiles.In this interpretation, the quantum partile has a loal position like a las-sial partile, but it has also a non loal behaviour through the wave funtion.Indeed the wave funtion is not separable and non-loal. Beause in the Broglie-Bohm interpretation the wave funtion pilots the partile, it also reates the nonseparability of two entangled partiles.As we saw in step 1, the non-loal in�uene in the EPR-B experimentonly onerns the spin orientation, and not the motion of the partilesthemselves. This is a key point in the searh of a physial explanation of non-loal in�uene.The simplest explanation (Okham's razor) of this nonloal in�uene is toreintrodue the existene of a spae having ertain properties related to theation at a distane, that is a kind of ether, but a new form of ether given byLorentz-Poinaré and then by Einstein in 1920. Einstein said [27℄:"But on the other hand there is a weighty argument to be addued in favour ofthe ether hypothesis. To deny the ether is ultimately to assume that empty spaehas no physial qualities whatever. The fundamental fats of mehanis do notharmonize with this view. For the mehanial behaviour of a orporeal system7



hovering freely in empty spae depends not only on relative positions (distanes)and relative veloities, but also on its state of rotation, whih physiallymay be taken as a harateristi not appertaining to the system in itself. Inorder to be able to look upon the rotation of the system, at least formally, assomething real, Newton objetivises spae. Sine he lasses his absolute spaetogether with real things, for him rotation relative to an absolute spae is alsosomething real. Newton might no less well have alled his absolute spae "Ether";what is essential is merely that besides observable objets, anotherthing, whih is not pereptible, inust be looked upon as real, to enableaeleration or rotation to be looked upon as something real.[...℄Reapitulating, we may say that aording to the general theory of rel-ativity spae is endowed with physial qualities; in this sense, there-fore, there exists an ether. Aording to the general theory of relativityspae without ether is unthinkable; for in suh spae there not only wouldbe no propagation of light, but also no possibility of existene for standards ofspae and time (measuring-rods and loks), nor therefore any spae-time inter-vals in the physial sense. But this ether may not be thought of as endowed withthe quality harateristi of ponderable inedia, as onsisting of parts whih maybe traked through time. The idea of motion may not be applied to it."Taking into aount the new experiments, espeially Aspet's experiments,Popper [28℄ (p. XVIII) defends a similar view in 1982 :"I feel not quite onvined that the experiments are orretly interpreted; butif they are, we just have to aept ation at a distane. I think (with J.P. Vigier)that this would of ourse be very important, but I do not for a moment thinkthat it would shake, or even touh, realism. Newton and Lorentz were realistsand aepted ation at a distane; and Aspet's experiments would be the �rstruial experiment between Lorentz's and Einstein's interpretation of the Lorentztransformations."Lastly, let us notie the great di�erene between EPR and EPR-B experi-ments. The spin onneted to the rotation of spae-time seems to be the ause ofthe instantaneous ation at a distane in experiment EPR-B. It is thus possiblethat there is not instantaneous ation at a distane in original experiene EPR.And in this ase, Einstein was right. It is the proposal of Popper [28℄ p.25: "I mays perhaps mention here some of the di�erenes between the original EPRargument and Bohm'version of it. These di�erenes relate to the distintion oftwo kinds of quantum mehanial state preparations." [...℄ "Indeed, it is possiblethat the Bohm-Bell experiment deides for ation at a distane , and thereforeagainst speial relativity theory, whereas the original EPR arguments does not."The new experiments of non-loality have therefore a great im-portane, not to eliminate realism and determinism, but as Popper said, torehabilitate the existene of a ertain type of ether, like Lorentz's etherand like Einstein's ether in 1920.Referenes[1℄ Einstein, A., Podolsky, B., Rosen,N.: Can quantum mehanial desriptionof reality be onsidered omplete?. Phys. Rev. 47,777-780 (1935).[2℄ Bell,J. S.: On the Einstein Podolsky Rosen Paradox. Physis 1, 195 (1964).8
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