The Way to the Solution of the EPR-Paradox

For the sake of conciseness, in the papers on EPR listed on my site Physics only the solution itself is
noted but not the train of thought and the formal way to the solution. Therefore I shall give here a
short outline of this way.

The QM formula for the state of two entangled photons, which originate from the decay of a spin-0
system, is (d is the angle between the two polarizers)

1
Y = \fz(cosocsin((x—S)—cos((x—S)sin o) 0)
Thus the probability of the simultaneous appearance of photons in both detectors is
Wi = WO = y? = %sinzﬁ (1)

An objective and local interpretation of (0) requires to take (0) as a statistical formula, i.e. to interpret
it as mean value of a random sequence where, however, the cosine and sine terms cannot be seen as
polarization states of photons — this would lead to an ensemble interpretation — but as amplitudes of
light waves that have passed or have not passed the polarizers. If we assume that the angle between the
polarization directions of the waves to the left and those to the right is always 90°, then cosa is the
amplitude of a wave that has passed the left polarizer, cos(0+90—-08) = —sin(a—9) the according
amplitude on the right side, and sinc is the amplitude of a wave to the left that has not passed,
sin(0+90-9) = cos(0—9d) the according amplitude to the right. Since Quantum Mechanics does not say
anything about the polarization of these waves — they do not even exist in QM — the waves with
different polarization direction can originate also from one single decay.

Interpreted statistically, (0) becomes
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[ Atfirst it is evident that it must be possible to express the event probabilities only by the amplitudes
of the waves that have passed the polarizers: indeed it is these very amplitudes that cause the events.
Thus we have to eliminate the second term. ]
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Due to this simple operation, the term (4) contains only amplitudes of waves which have passed.

Squaring (4) gives
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So much for the quantum mechanical formula, interpreted statistically and realistically. The result
depends only on the amplitudes that have passed the polarizers..

At the step from (5) to (6) we only rearranged the terms. In the form of (6) the possibility becomes
visible to interpret the formula for the probability of joint events — which at first seemed to contain
terms where quantities from both sides interfere with each other ( cos asin(0—9) and cos (0—d) sino in
equ.(0)) — in such a way that quantities of only one side interfere (cos o coso; and sin(c;—0) sin(ocj—S) ),
such that instead of two spatially separated quantities, two consecutive quantities at the same position
(in the same detector) are interconnected, which means that a nonlocal action is replaced by a local one.

The fact which seems to oppose against a complete separation of both sides is that the sum in (6)
cannot be written just as the product of two sums which belong to the two different sides.

Thus we are aiming at an expression, which can be separated into two isolated parts, like
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and which, in addition — contrary to (7) — is identical with (6).

(7) is the product of the two sums
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(7) and (8) are equivalent. What is actually the difference between them and (6)?

On the one hand, (7) and (8) contain all the terms which appear also in (6) — i.e. the terms with i=k
and j=1. On the other hand, (7) and (8) contain also additional terms:




1. The terms withi=jork =1.

In (6), the terms with i = j do not contribute to the result due to the factor 2/m?. However this is not the
case in (8). Here with m — o these terms amount to 1/2, and the same is true for the terms with k = 1.
Therefore, in order to alter (8) in such a way that we can get at last to an expression which is identical

with (6), we must at first execute the following correction of (8):
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With this (8) is “corrected” in respect of the terms withi=jork =1.

2. All other terms.

Is it possible to correct (9) in respect of all remaining terms, too, such that it matches (6)? The answer
is yes. For this purpose, however, another averaging is needed:
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With n — c and m — o all these terms average out to 0, and then (10) becomes indeed identical
with (6). (The reason for the factor 2 in (6) is that in (7) the terms which are also contained in (6),
appear twofold: not only with i =k and j =1 but also with i =1 and j =k.) The proof follows shortly.

If we define random variables: ( cos(0+90-d) = —sin(0—9) )
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then (10) is the covariance of these random variables, and it holds ( with n -0, m —o0)

wig = Cov(X)Y) = %0052(90—5) = %sinZS (13)

Proof: The expected value of the random variables E(X) = E(Y) = 1/2, therefore

w, = wg = EX) = E(Y) = 112 (14)

Then it can be shown by induction that
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With this, the separation of both sides is executed. Since the random variables are certainly local and
objective quantities, equ. (13) must be local, too, which means: (13) does not contain any nonlocal
connections.

(This result can easily be generalized: if in (12) und (15) the specific value 90° of the angle between
the polarization directions of the waves on both sides is replaced by the arbitrary value , then (15)
holds for any angle and — with this — of course for all cases that are possible in QM.)

Equ. (14) shows that the number of detected photons results from the expected value of the random
variables. However since with n— oo the expected value is equal to 1/2 even for arbitrary short time
intervals, it cannot contain any information when transitions occur.

In equ. (13), the probability of joint events is expressed by the covariance. The covariance is
determined by the deviations from the expected values. Therefore it can be assumed that the time

points of the events depend on these deviations.

If such a dependency in fact exists then it must be possible to represent the probabilities of the events
on one side by the deviations of this very side.

This is indeed the case: in the following equation, w; i is expressed by deviations of the left side only.
(The equation for the right side is completely analogous.)

Let I={il1 <1i < n} be the set of the numbers of random variables in a total series of n pairs. Be
Ig = {ilsign(X;—1/2) =sign(Y; - 1/2) }, Ip={ilsign(X; - 1/2) # sign(Y; - 1/2) }.

Be SLg = » IX;-1/2l, SLp = » IX;- 1/2]
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Then it holds ( with n = oo, m — o)

Wig = SLE Lo L (16)
SLg + SLp 2 2

(In the appendix, a computer simulation of (16) follows.)




Since I was aiming at a proof for the existence of a local description of the EPR scenario, which
should be as simple and short as possible, I kept searching for simplifications. This is what I have
discovered:

Ifin (11) and (12) m is set to 1 —i.e. only one cosine is squared instead of a sum of cosines — then,
instead of (13), (14) and (16), one gets to the following equations:

wig = 2Cov(X,)Y) + 1/4 = 1/2cos?’(90—d) = 1/2 sin’d (13")
1 f 1

wp = wg = EX) = E(Y) = —Icoszada = — (14°)
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Wig = 1 SLE B (16)
2 SLg + SLp

However there is another variant: Againlet I={il1 < i < n} be the set of the numbers of random
variables in a total series of n pairs. Let I = { i, } be the subset of [, where X; > 1/2, Iz ={ix }

the subset of [, where X; > 1/2 and Y; > 1/2.

Then it holds ( with n — o)

n . (13
Wip = Z (X; - 1/2) = 1/25sin% (16%)

ie ILR

In view of a simpler description I have chosen the variant with (13°), (14’) and (16*). Admittedly, it
does not contain the interference terms that indeed represent the connection between the expression (6)
that follows from the quantum mechanical starting point and equ. (10), however on the other hand it
contains everything which is needed for a realistic and local interpretation:

1. All quantities are local.

2. The event probabilities are expressed by exactly those quantities, which cause the events — by the
amplitude squares of the waves that actually arrive at the detectors, after they have been reduced by
the polarizers.

3. Both sides are completely separated.

Heinz Heinzmann

Vienna, July 08




Appendix: Computer Simulation of (16)

(This is the calculation loop of a C++ program.)

randomize () ;

fact =

Sle =

for

Output:

10000

10000

10000

10000

10000

(1

2.*M_PI/RAND_MAX;

// Initializing generator of random numbers

// Forcing random number into interval

WlrY = Sre/(Sre + Srd) -

[0,2p1)

// Random alpha, 0 <= alpha < 2pi

// End j loop

.5); Sre += (y - .5); }
.5); Srd —= (y — .5); } }
.5); Srd += (y - .5); }
.5); Sre —= (y — .5); } }

// End i loop

QT desired value
0.000
0.073
0.250

0.427

0.; Sre = 0.; S1ld = 0.; Srd = 0.;
=1; i<=n; 1i++) {
x =0.; v =0.;
for (j=1; j<=m; Jj++) {
alpha = fact*rand();
cosa = cos (alpha);
X += cosa;
cosa = cos (alpha+M_PI/2.-delta);
y += cosa;
}
X = x*x/m; y = y*y/m;
if ( x >= .5) {
if (y > .5 ) { Sle += (x
if (y <= .5 ) { Sl1ld += (x
if ((x < .5) {
if (y > .5 ) { Sld -= (x
if (y <= .5 ) { Sle —= (x
}
WlrX = Sle/(Sle + S1d) - .5;
Print (n, m, delta, WlrX, WlrY);
m delta WlrX WlrY
1000 0.000 0.010 -0.008
1000 0.393 0.073 0.073
1000 0.785 0.246 0.251
1000 1.178 0.424 0.427
1000 1.571 0.500 0.500

0.500



