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Abstract

The EPR scheme of two photons is revisited. The measurement on
particle 1 (2) prepares it in some state and fixes particle 2 (1) in a state
to conserve an observable of the global state. Particle 2 (1) is assumed
to be fixed in the vacuum state which does not produce the outcomes
of particle 2 (1) that is in agreement with the peaceful coexistence. In
joint detection of particles 1 and 2, the vacuum states give contribution
to the phases of the states of the particles that governs correlations of
the particles.
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1 Introduction

As known entanglement is a feature of quantum mechanics which implies the
existence of the wave function between the space-like separated states such
that the global state cannot be written as a product of the individual states.
The phenomenon of entanglement was introduced in the celebrated paper by
Einstein, Podolsky, and Rosen (EPR) [1]. Bell considered entanglement of spin
states for massive particles (in case of photons one deals with polarization
states). One can probe entanglement of polarization (spin) states through
a violation of Bell’s inequalities [2] that was confirmed in Bell experiments,
e.g. [3] and references therein. Also, EPR experiment was realized with ”ghost”
imaging [4].

The quantum mechanics interpretation advocated by Bohr [5] treats the
measurement on entangled system as follows. The global state of the system
of two entangled particles given by a delta function, δ(x1 − x2), keeps an
observable of the global state, A(ψ1) + B(ψ2) = 0. The measurement on
particle 1 preparing it in some state disturbs the whole system of particles 1
and 2 such as to fix particle 2 in a state to conserve an observable of the global
state. This happens instantaneously by means of collapse of the global state
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of the system thus making particles 1 and 2 separate. The foregoing reasoning
is the point of view of the standard quantum mechanics.

Instantaneous collapse of the global state admits non-locality of quantum
correlations in the EPR scheme, e.g. [6, 7, 8]. In this way one can think of
transmission of faster than light quantum information, e.g. [9, 10]. The speed
of quantum information in a privileged reference frame with use of entan-
gled photons was measured [11], and the experimental bound is more than
107 c in the Geneva reference frame and more than 104 c in the CMB frame,
where c is the speed of light. Non-locality in the EPR scheme was studied in
the experiment with the apparatus in the moving frame [12] and in Leggett’s
experiment [13]. Also, non-locality was confirmed in Popper’s experiment re-
alized with ”ghost” imaging [14, 15]. In addition, non-locality takes place in
Hardy experiment [16] and Aharonov-Bohm experiment [17].

There is a consensus of the peaceful coexistence of quantum mechanics
and special relativity in the experiments on entanglement [18, 19, 20, 21]. To
this end, consider two-particle system described by a statistical operator ρ12.
Apply locally the unitary operator U1 to particle 1. The initial state of the
system ρ12 becomes ρ̃12 = U1⊗I2ρ12U

†
1 ⊗I2. This local action does not modify

the reduced statistical operator associated to particle 2 since

Tr1[ρ̃12] = Tr1[U1 ⊗ I2ρ12U
†
1 ⊗ I2] = Tr1[ρ12U

†
1U1 ⊗ I2] = Tr1[ρ12] (1)

where the cyclic property of the partial trace operation has been used. Ac-
cording to the peaceful coexistence no unitary operation applied locally to
one of the two particles can alter the probability distribution of measurements
performed onto the other particle.

We come to the contradiction between the Bohr’s claim that the measure-
ment on particle 1 fixes particle 2 in a certain state and the peaceful coexistence
which asserts that the measurement on particle 1 does not affect the outcomes
of particle 2. EPR state may be written in the form

ψ12 = (ψ+
1 ψ

−
2 + ψ−

1 ψ
+
2 )/

√
2 (2)

where subscripts 1, 2 label the photons, superscripts +, - label the orthogonal
projections. According to the standard textbooks detection of particle 1 in
the state ψ+

1 triggers the state ψ−
2 of particle 2 and detection of particle 1 in

the state ψ−
1 triggers the state ψ+

2 of particle 2. However, this is in conflict
with the peaceful coexistence eq. (1). Below we shall consider the model of
correlations in the EPR scheme to resolve the problem.
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2 Theory

Consider the system of two entangled photons in the EPR state eq. (2). Let
apparatus 1 act locally on particle 1 with the unitary operator

U1 = (U+
1 + U−

1 )/
√

2. (3)

Let the unitary operator U1 project particle 1 onto the state U+
1 ψ1. Assume

that the two-particle state is projected onto the state

U+
1 ψ1|1〉U−

1 ψ2|0〉 (4)

where |1〉 is the one-particle state, |0〉 is the vacuum state. Here we follow
the standard interpretation that the measurement on particle 1 prepares it
in some state and fixes particle 2 in a state to conserve an observable of the
global state. Unlike the standard interpretation, particle 2 is fixed in the
vacuum state. Therefore, the measurement on particle 1 does not produce the
outcomes of particle 2 that is in agreement with the peaceful coexistence.

According to the standard interpretation, the unitary operator U1 acts only
in the space of particle 1 as U1 ⊗ I2. This holds for the product states. We
assume that, for the entangled states, the unitary operator U1 acts in the space
of particle 1 onto the one-particle state and in the space of particle 2 onto the
vacuum state as U1|1〉⊗U1|0〉. This means that the vacuum state of particle 2
is non-local, defined in the space between particles 1 and 2. We shall describe
non-locality of EPR state through the non-local vacuum states.

Let apparatus 2 act locally on particle 2 with the unitary operator

U2 = (U−
2 + U+

2 )/
√

2. (5)

Let the unitary operator U2 project particle 2 onto the state U−
2 ψ2. Assume

that the two-particle state is projected onto the state

U+
2 ψ1|0〉U−

2 ψ2|1〉. (6)

The situation is mirrored to the measurement on particle 1. Therefore, the
measurement on particle 2 does not produce the outcomes of particle 1.

Joint detection of particles 1 and 2 is described by the combination of the
states eqs. (4),(6) as

U+
1 ψ1|1〉U−

1 ψ2|0〉U+
2 ψ1|0〉U−

2 ψ2|1〉 = U+
1 U

+
2 ψ1|1〉ψ1|0〉U−

1 U
−
2 ψ2|1〉ψ2|0〉. (7)

Here the vacuum states do not produce outcomes of particles 1 and 2 but give
contribution to the phases of the states of particles 1 and 2. The probability
of joint detection of particles 1 and 2 is given by

|U+
1 U

+
2 ψ1U

−
1 U

−
2 ψ2|2. (8)

If U+
1 = U+

2 and U−
1 = U−

2 one can reveal correlations of particles 1 and 2.
Thus, the approach considered resolves the contradiction between the Bohr’s
clarification of the measurement on EPR state and the peaceful coexistence.
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3 Conclusion

We have revisited the EPR scheme of two photons. Following the Bohr’s clar-
ification, the measurement on particle 1 (2) fixes particle 2 (1) in a state to
conserve an observable of the global state. According to the peaceful coex-
istence the unitary operator applied locally to particle 1 (2) cannot alter the
outcomes of particle 2 (1) that is in conflict with the Bohr’s claim. We have
assumed that particle 2 (1) is fixed in the vacuum state. Therefore, the mea-
surement on particle 1 (2) does not produce the outcomes of particle 2 (1)
that is in agreement with the peaceful coexistence. According to the standard
interpretation, the unitary operator applied locally to particle 1 (2) acts only
in the space of particle 1 (2). We assume that, for the entangled states, the
unitary operator applied locally to particle 1 (2) acts in the space of particle
1 (2) onto the one-particle state and in the space of particle 2 (1) onto the
vacuum state. This means that the vacuum state of particle 2 (1) is non-local,
defined in the space between particles 1 and 2. In joint detection of particles
1 and 2, the vacuum states do not produce the outcomes of particles 1 and
2 but give contribution to the phases of the states of particles 1 and 2 that
governs correlations of particles 1 and 2. The approach considered resolves
the contradiction between the Bohr’s clarification of the measurement on EPR
state and the peaceful coexistence.
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