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Abstract

The conventional formulation of quantum mechanics explains the Einstein, Podolsky, and Rosen (EPR)
experiments with “spooky action at a distance" and wavefunction collapse. A time-symmetric and
retrocausal formulation of quantum mechanics explains the same experiments without spooky action
at a distance or wavefunction collapse. An experiment that can distinguish between the conventional
and time-symmetric formulations is described.
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1. Introduction

One of the most serious problems facing modern physics is to reconcile special relativity and
quantum mechanics [1]. These two foundational theories come into direct conflict in the Einstein,
Podolsky, and Rosen (EPR) paradox [2]: “the problem of a genuine Lorentz invariance of our most
basic physical theory, namely quantum mechanics, in the face of EPR-Bell experiments is probably the
biggest problem that theoretical physics faces today, even though it is not even recognized as such
by most theoretical physicists...How does one account for the collapse rule of quantum mechanics in
relativistic terms when dealing with entangled states whose parts are spacelike separated? [3]"

There have been many attempts to explain the EPR paradox using time-symmetric theories [4-15].
These papers and books attempt to explain how the spin wavefunctions behave to match the quantum
predictions and avoid nonlocality, while ignoring the nonlocal collapse of the spatial wavefunctions. To
the best of my knowledge, this paper is the first to explain both the evolution of the spin wavefunctions
and the evolution of the spatial wavefunctions without invoking collapse.

2. The Gedankenexperiment

Freedman and Clauser carried out the first experimental proof of nonlocal quantum entanglement
in 1972 [16]. Many followup experiments were carried out, reproducing their results and eliminating
various loopholes. Figure 1 shows a simplified version of their experiment. When the detectors on the
left and right sides are separated by a spacelike interval, it is not possible to say which detector went
off first, or if they went off simultaneously.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. A diagram of the gedankenexperiment. A neutral spin-0 pion at rest in the source decays into a
spin—% electron and a spin—% positron which then travel in opposite directions. Each particle enters a Stern-
Gerlach Apparatus (SGA) capable of separating spin-up |1), and spin-down ||.), particles. The two particles are
subsequently detected in one of the detectors on the left side and one of the detectors on the right side.

3. The Conventional Formulation (CF) Explanation

The CF assumes that a retarded spatial wavefunction that satisfies the Schrodinger equation and
evolves forwards in time from initial conditions until collapsing upon measurement gives the most
complete description of a particle that is in principle possible [17]. For example, the retarded traveling
gaussian spatial wavefunction in one dimension

1)

1 1 1/2 —(x — x;)? k(x—x) =K (t—t;)/2
lp(x't)_\/%(a—i—i(t—ti)/a) exp[402+2i(t—ti)]exp{l T+i(t—t)/202) |

where x is the location of the particle, (x;, t;) = (0,0) are the emission location and time, all particle
masses are set to 1, the initial gaussian width o = 5, the momentum k = 0.5, and natural units are used:
I = ¢ = 1. Figure 2(a) shows the evolution of this retarded spatial wavefunction, which collapses upon
measurement by a detector to the retarded spatial wavefunction ¢(x, t) at (xy,t¢) = (250,600), where

P(x,t) = 402 1 2i(t— ¢ L+i(t—tf)/(202)
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Now consider the spin part of the retarded wavefunction. The CF assumes the two particles are created
with the entangled spin singlet wavefunction

|spin) = (|11) = [11)/V2, 3)

where the red arrows refer to the electron, the blue arrows refer to the positron, and the spatial
wavefunction is suppressed for clarity. There are no subscripts specifying axes because this is a
rotationally invariant wavefunction. When the two SGA’s Z-axes are parallel to each other, every run
results in the detection of a spin-up particle on one side and a spin-down particle on the other side.
When one or the other particle is detected, the CF assumes the spin singlet wavefunction collapses
randomly to either |1]), or —||T),, collapsing the other particle to the opposite sign of spin, even
when a spacelike interval separates the two particles. When the two SGA’s Z-axes are at an angle 0
to each other, the probability of perfect anticorrelation varies as cos?(6/2), while the probability of
perfect correlation varies as sin®(6/2). This agrees with the measured experimental results.
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Figure 2. (a) The conventional spatial traveling gaussian wavefunction ¥(x, t). This wavefunction evolves in
spacetime from being centered at (x;,t;) = (0,0) until collapsing to ¢(x,t) at (xf,tf) = (250,600). (b) The
time-symmetric spatial transition amplitude density ¢*(x, t){(x, t). The transition amplitude density evolves
continuously in spacetime from being centered at (x;,¢;) = (0,0) to being centered at (xy,t¢) = (250,600). There
is no collapse.

4. The Time-Symmetric Formulation (TSF) Explanation

Time-symmetric explanations of quantum behavior predate the discovery of the Schrodinger
equation [18] and have been developed many times over the past century [19]. The TSF assumes that a
spatial transition amplitude density (TAD) gives the most complete description of the spatial part of a
quantum system that is in principle possible. The TAD is the algebraic product of two wavefunctions:
a retarded spatial wavefunction (7, t) that obeys the conventional Schrodinger equation and satisfies
the initial boundary conditions, and an advanced spatial wavefunction ¢* (7, t) that obeys the complex
conjugate of the Schrodinger equation and satisfies the final boundary conditions [20]. For example,
the advanced traveling gaussian wavefunction

1/2
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where x is the location of the particle, (x,tf) = (250,600) are the detection location and time, the
final gaussian width ¢ = 5, the momentum k = 0.5, all particle masses are set to 1, and natural
units are used: i = ¢ = 1. Figure 2(b) shows the evolution of the transition amplitude density
¢*(x,t)ip(x, t). The TAD diverges from the initial condition and then converges to the final condition
without discontinuous collapse. The probability of a transition is given by Ps = A} A;, where

A= /_ Z dxg* (x, D (x, £). 5)

All relativistic wave equations have both retarded and advanced solutions, and both types of solutions
survive in the nonrelativistic limit. The time-symmetric formulation assumes wavefunction collapse
never happens. One consequence of the assumptions of the TSF is that a source will not emit a quantum
unless there is a sink somewhere that can absorb the quantum. This is supported by the experimental
confirmation of the Purcell effect [21].

Let us now describe the spin part of the retarded and advanced wavefunctions. Consider first
the case where the two SGA’s Z-axes are parallel to each other. The source will emit either |1]), or
|/ 1), particle pairs. These particle pairs are not entangled because in the TSF only indistinguishable
transition amplitude densities are entangled [20]. The particle pair spins are antiparallel because
angular momentum is conserved. The source emits particles polarized along the Z axes because the
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advanced waves from the four detectors, after passing through the two SGA’s, will be polarized along
the Z axes. The final states of the detectors have a retrocausal influence on the initial orientation of the
electron and positron spins. Assume the source emits a |1/), [||1),] particle pair. The only nonzero
TAD's occur when the upper [lower] left detector emits a (1 |, [(| |,] advanced wave and the lower
[upper] right detector emits a || (, [(1 |,] advanced wave. The possible TAD's are then (1| | 11),
[(11] L1).]. These give perfect anticorrelations, in agreement with the experimental results.

Now consider the case where the two SGA’s Z-axes are at an angle 6 to each other. Let’s assume
the left SGA is oriented along the Z-axis while the right SGA is oriented along the 7i-axis. The source
will have to emit either 1), |[|1),, [1]),, or |[1), particle pairs to conserve angular momentum and
retrocausally match some of the advanced waves from the detectors. Consider the case where the
source emits a |1]), [||1),] particle pair. The advanced waves from the upper [lower] left detector,
after passing through the Z SGA, will produce only (1 |, [(] |,] advanced waves at the source, while
the advanced waves from the lower [upper] right detector, after passing through the 7 SGA, will
produce only (| |, [(1 |, ] advanced waves at the source. For the | 1), [|1),] particle pair, one particle
(say the | 1), [|1),]) will go to the £ SGA with amplitude 1, and the other particle will go to the 7 SGA
with amplitude , (] | 1),[«(T | T),] = cos(6/2). The difference in angular momentum could be taken
up by the SGA. The same argument holds for the |1]),, and || 1), particle pairs produced by the source.
The probability of perfect anticorrelation then varies as cos?(6/2), while the probability of perfect
correlation varies as sin?(6/2). This also agrees with the measured experimental results.

5. Discussion

Einstein defined “local causality" as causal influences traveling continuously through spacetime
at or below the speed of light [22]. The CF explanation of the EPR paradox violates local causality: the
measurement of the electron spin as |1), at one detector causes the positron spin at the other detector to
collapse to | ), at a spacelike interval. This is spooky action at a distance. It is often claimed that special
relativity forbids superluminal signals. But this is not true: it is the combination of special relativity
and the principle of macroscopic local causality that forbids superluminal signals. The principle of
macroscopic local causality is equivalent to the macroscopic entropic arrow of time. But quantum
phenomena often happen at a microscopic level and can violate the second law of thermodynamics,
for example in fluctuation phenomena. This allows the possibility of microscopic influences traveling
faster than light, provided they do not transfer classical signals [23]. This also allows the possibility of
advanced waves in quantum mechanics, which travel backwards in time but do not transfer classical
signals.

The time-symmetric and retrocausal theory in this paper is local in the sense that there is no action
at a distance. It also shows how wavefunction collapse, which is in direct conflict with special relativity,
is not necessary to explain quantum phenomena.

Finally, there is an experiment that can distinguish the CF from the TSF. The CF predicts an
electron in free space will oscillate back and forth at a frequency w = 2mc?/h [24]. This phenomenon
is named zitterbewegung. The TSF predicts zitterbewegung will never occur [25,26]. A search for
zitterbewegung could distinguish between these two formulations.
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