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ABSTRACT

The notion that future events can affect present events was discussed by Einstein, Tolman
and Podolsky as an intrinsic part of the quantum mechanical theory. It is here shown that a two
photon experimental test of this prediction is well within the present technology of quantum
optics.



1. Introduction

In the well known debates between Einstein and Bohr on the meaning of quantum mechanics, Bohr emerged
victorious in that the predictions of quantum mechanics (although often counter to expectation) worked well
in all known laboratory experiments. Among the least intuitive of Einstein’s notions was the dual nature of
quantum uncertainties, and the propagation of such uncertainties in both forward and backward directions
in time. That uncertainties in future events could be influenced by present events seemed more or less
natural. That uncertainties in present events could be influenced by future events seemed (at first glance)
far less likely. The above “quantum telepathic” notion(!) was nevertheless the subject of a remarkable note
by Einstein, Tolman and Podolsky(®), and will be here called the ETP effect. Both Bohr and Heisenberg
agreed with the ETP effect as a genuine prediction of quantum mechanics®®. They did not regard the
apparent “lack of causality” as in any way a defect in the quantum theory.

The notion of signals moving in both time directions (as an intrinsic feature of relativistic quantum
mechanics) was invoked somewhat later by Stiickelberg(*) in his description of the positron as an electron
moving backward in time. Feynman(® built on this notion of “anti-particles” as “particles traveling backward
in time” to formulate a complete diagrammatic calculation technique, now standard in relativistic quantum
mechanics. However, the physical roots of the subject (in the ETP effect for two photons) are often lost
in a forest of mathematical trees and multiloops. In what follows, we hope that the simplicity of the
mathematical presentation will clarify the physics of the ETP effect. We note (in passing) that Einstein,
Tolman and Podolsky wrote down no equations at all.

2. Two Photon States

Shown in Figure 1 is a well known optical setup for measuring the Transmission T, and reflection R,
probability of a photon a incident on a partially reflecting plate. The amplitudes for an incident photon
to arrive at detectors i = 1,2 are denoted by a;. It is assumed that the plate has virtually no photon
absorption, i.e., the reflection probability to arrive at detector 1 and the transmission probability to arrive
at detector 2 sum to unity,

Ro+Ts= |a1|2+|a2|2 =1, (1)

Similar considerations would apply to another photon 3,
Ry +Tp = |B1* + 182 = 1, (2)

It is important for the later consideration of two photon wave functions that the single phqtons a and G be
neither completely the same nor be totally different, i.e., that the single photon wave functions should have

a finite “overlap” e,
€= aify + a3f2. (3)

Let us now review the nature of the two photon ETP effect, and consider the normalized and properly Bose
symmetrized two photon wave-function

L r— aiﬂj +ajﬂi . (4)
YT V2T +P)

With two photons incident on the partially reflecting plate, we may compute (from the wave funct'ion) the
mean number of photons reaching each detector as well as the correlation between two photon arrivals for
each trial. For example, the mean number of photons arriving at detector 1 is given by

< Ny >= 280 [? + ¥’ + [Pl (5)



The correlation between one photon arriving at detector 1 and one photon arriving at detector 2 is given by
< NNy >= |Up5]? + [ |2 (6)

Photon arrivals and correlation have internal consistency relations, e.g., the number of ETP photons is in
total two for each experimental trial. An example of such a consistency relation follows from Egs.(1) -(6);

2R0Rp+(1—Ra—Rp)< Ny N; > (7)
2R.Rs + (1 — Ro — Rp) '

< N; >=

Eq(7) is central to what follows.

3. Time Delay and the ETP Effect

In Figure 2 we show a two photon process scattering off a partially reflecting plate. If the photons have a
reasonably well defined frequency difference Aw = wy —wp and a time delay 7 is constructed before detector
2, then 7 will have an effect on the amplitudes of arrival at the two detectors of the photons. For example
eqs.(1),(2) and (3) imply that

|c|2 = RaRﬁ + Tan + 2\/TanRaRp COS(¢ + TAw). (8)

From considerations such as these, one obtains a standard correlation expression for the manner in which
two photon arrival at detectors (one photon at detector 1 and one photon at detector 2) varies with the time
delay 7; e.g., Eqs.(4) and (6) now read

1 - RoRg —ToTp +2\/TaTpRaRps cos(¢ + TAw)
< NiNjy >= .
1+ RaRg + ToaTp + 2,/TaTpRaRp cos(¢ + TAW)

Eq.(9) for photon arrival correlation is both theoretically and experimentally valid. Quantum optics has
reached the stage for which photon arrival correlation and coherence are well understood(®).

The crucial point is that the intensity correlation between the detectors (here described by < Ny N, >)
is an experimental function of the time delay 7. But from Eq.(7), it then follows that the mean number of
photons < Ny > (per two photon scatiering trial) arriving at detector 1 depends on the imposed time delay
T to detector 2. Thus, the later detection can influence the earlier detection. This ETP effect is plotted in
Figure (3).

(9)

Conclusions

How can we “explain” that the probability of an early photon detection at detector 1 depends ona time delay
7 to detector 2 where another photon (perhaps) will later arrive?. Beyond the fact that quantum mechanics
predicts this ETP effect, it is certainty not very intuitive. (A closely analogous ETP effect for the two K
meson decay of the ¢ resonance has been previously discussed by the authors(".)

From the viewpoint of quantum field theory, future events having an effect on present events is quite
satisfactory. An antiparticle, born in the future, travels backward in time and can be annihilated in the
present. (Possible death before birth is a more or less obvious hazard of time travel). For the photon, the
particle and the anti-particle are very much the same sort of particle.

Unlike the electron and the positron, there is no “sign of the charge” to distinguish the direction in time
of the photon path. A photon, moving backward in time and then changing its derection to move forward in
time, would appear to a laboratory observer as two photon creation event. Such is the nature of the Feynman



diagramatic rules in quantum electrodynamics. Those who would invoke the word “virtual” (to avoid any
claim of “physical reality” to the “paths in time” for quantum electrodynamic amplitudes) should enjoy
Feynman'’s derivation of his own rules. Feynman argued® that all emitted and then absorbed photons may
be treated as “virtual”.

As always, it 1s the experimentalist who ultimately decides what is “virtual” and what is “real”. The
“physical reality” of the two photon ETP effect can only be tested in the laboratory. While many measure-
ments of delay time variations of the “early-late” correlation <N;N; > exist, there have been no reported
measurements of 7 variations in the “early” arrival <N; >. Such data are required to investigate the ETP
effect.
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FIG. 1- Conventional experimental arrangement for measuring the
reflection probability R, and transmission probability T,, for a photon
o incident on a partiaily reflecting plate.
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FIG. 2 — With two photons o and B incident on a partially reflecting
plate, the mean number of photons (per trial) < N; > at detector 1 will
depend on a "future time delay 1" to the detector 2.
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FIG. 3 - Plot of < N > versus the phase delay (¢ + T A ) for the
experimental arrangement of Fig. 2. For illustrative purposes we
as%uglg Ry =Rg =R, and exhibit the variations for R = 0.2, 0.4, 0.6
and 0.8.



