
Abstract. This paper reviews the schemes of experiments in
which it was possible to prove, based on measured photon
cross-correlation suppression effects in a beam splitter and
preparing squeezed states, the nonexistence of a definite value
of the photon phase difference in Fock states (otherwise, these
two effects cannot exist simultaneously). It is shown that this
conclusion emphasizes the internal inconsistency of interpreting
the quantum mechanics in the spirit of classical nonlocal `rea-
lism' Ð in the sense that measured physical quantities have no
definite values a priori, i.e., before the instant of measurement.

Keywords: quantum uncertainty, quantum superposition, en-
tanglement, quantum nonlocality, Copenhagen interpreta-
tion

1. Introduction

A lot of quantum effects having no classical analogs are
paradoxical, and they cannot be explained using macroscopic
`common sense'. We write the latter term in quotes in order to
emphasize its inconsistency with strongly nonclassical phe-
nomena. Researchers often use the term local `realism': local,
because we construct then models related to common spate-
time limitations, which we can observe in a macrocosm;
realism, because, analogously to classical physics, it is
assumed that the experimentally measured physical quanti-
ties have some definite values before the instant of measure-
ment.

The first doubts about the adequacy of local `realism'
arose from single-photon interference effects in Young's two-

slit interferometer [1] and two-beam Michelson and Mach±
Zander interferometers (see, for example, papers [2, 3] and
references cited therein). In these experiments, an indivisible
quantum is simultaneously present in both channels and
interferes with itself. Until the instant of detection, its
concrete position is uncertain.

Further, the three-beam interference effect [4] proves the
nonexistence of a definite number of photons in the electro-
magnetic field a priori, i.e., before the measurement of their
number. In its turn, experiments verifying the Bell inequality
[5], which formalized the Einstein±Podolsky±Rosen paradox
[6] (including themost recent experiments [7, 8]), have reliably
disproved the local hidden variable theory and local `realism',
although their complete inadequacy has been obvious since
the first tests [9±11] (see also papers [3, 12, 13]). The
hypothesis of locality in this case assumes that two observers
detecting a pair of correlated particlesÐown one for each
observerÐare not connected in any sense: both the states and
the readouts of the measuring devices in one channel have no
influence on the states and readouts in the other channel (see,
for example, Refs [14, 15]). However, it is impossible to prove
the validity of this assumption in the case of experiments
verifying the Bell inequality.

This means that the only argument left for the supporters
of classical `realism', which is basically a replacement of
quantum theory with conventional classical statistical phy-
sics, is to invoke nonlocality as an unknown interaction of a
mysterious nature. This interaction would not be influenced
by any spatial or temporal (within the range of a light cone)
limitations. It would seem that an argument in favor of such
views is an already experimentally proven phenomenon of
quantum nonlocality, and occurring not only for two or more
entangled particles, but also for a single photon [16±18].

Moreover, the result of any experiment with quantum
systems can surely be calculated statistically using a compu-
ter. On the other hand, the computer operates with specific
values of the measurable quantities, which are fully defined
before the instant of detection (as in classical statistical
physics). Therefore, it is very difficult to fully refute nonlocal
`realism'. Although it is hard to believe that our world is a
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simulation performed by a classical computer, which is very
close to the so-called information interpretation of quantum
theory (see, for example, papers [19±21] and references cited
therein). In this case, we would need to ignore the objective
existence of the quantum world with its material information
carriers and limit ourselves to only information exchange
processes, which are not influenced by the spatio-temporal
limitations inherent in material objects.

We would like to discuss in detail the de Broglie±Bohm
interpretation. In 1952, David Bohm published two papers
[22, 23] with a common concept, which was developed from
the ideas of Louis de Broglie about the pilot-wave that
controls the motion of a material particle. Bohm suggested
replacing the Schr�odinger equation for a complex-valued
wave function with a system of two equations for two real
quantities: amplitude and phase of the wave function. In his
approach, Bohm considered the phase a `hidden variable',
and if one knew, in principle, the phase values, then each
quantum particle would have a deterministic trajectory
instead of a statistical one. Here, we immediately ask
ourselves a question: what is this trajectory according to
Bohm? Is it a real path of a quantum particle or is it just a
reflection of a quantum degree of freedom?

Let us consider a classical continuous medium. It consists
of many different particles (atoms, ions, molecules, etc.), all
degrees of freedom are described by a number of coupled
differential equations, and the number of equations is equal
to the number of degrees of freedom. Assume that we are not
interested in microscopic approach and want to describe the
system macroscopically using the equation (similar to the
Euler or Navier±Stokes equations) which phenomenologi-
cally describe the evolution of a continuous medium,
disregarding the microscopic dynamics of its constituents.
This is the basis of hydrodynamics. In such a case, the
behavior of the medium can be experimentally studied by
following the motion of several particlesÐmarker particles,
which allow visualization of the flow dynamics by moving
along their streamlines that coincide with the energy transfer
lines. For example, if we want to study the evolution of air
flow, we can observe the behavior of cigarette smoke. In order
to study water flow, another colored liquid like ink or small
floating particles similar to pollen or bits of charcoal can be
used. Such a hydrodynamic approach can also be applied to
cosmic scales with stars, galaxies, or their clusters being the
marker particles. Real single quantum particles act like
corpuscles, although their distribution demonstrates wave
properties according to the Schr�odinger equation or its
equivalents introduced by Bohm.

Consequently, it is obvious that the properties of an
ensemble need to be described collectively, i.e., by the
distribution density function, whose role in quantum
mechanics is played by probability density or simply the
wave function. This corresponds to the Bohm statistical
interpretation of quantum mechanics. At the same time, if
we assume that single particles move along specific trajec-
tories, can we obtain these trajectories from the equation of
motion? In principle, Bohm trajectories reproduce all
quantum-mechanical properties, and it would seem from
here that the real particles always move as Bohm particles
(i.e., correspond to Bohm dynamics). However, if one treats
the Bohm equations as hydrodynamic equations, the result-
ing trajectories are not necessarily the real particle trajec-
tories, but are rather streamlines associated with a `quantum
liquid'. Indeed, note that the Schr�odinger equation does not

usually describe the `true' particle, but just a degree of
freedom. This means that Bohm particles, in principle, are
similar to classical marker particles, thus allowing us to
observe the dynamical properties of the quantum liquid.
When using the wave function formalism, this liquid is
usually considered to be `hidden' [24].

A statistical interpretation of Bohm mechanics is more
or less confidently supported by the authors of paper [25]
with arguments corresponding to the so-called weak
measurements. It would seem that experiments performed
confirm the possibility of overcoming the limitations
imposed by the Heisenberg uncertainty. However, this type
of measurement actually corresponds to averaging over a
large number of realizations with the same initial and final
states. This means that the obtained photon trajectories are
in reality the average flux lines of the electromagnetic
energy, which can also be calculated using purely classical
methods.

Thus, despite the acceptance of hidden variable existence,
in particular the wave function phase or the state vector
phase, the determinism cannot be achieved in the Bohm
interpretation. Even for a given state vector phase, there still
remain randomness and unpredictability of the measurement
results. From this point of view, the admission of hidden
variable existence does not give here the needed result. At the
same time, it is impossible to formally refute the existence of
nonlocal hidden variables, because the experimental predic-
tions of the measurement results in this case are no different
than the formal calculations using standard quantum
methods.

Another interpretation, which does not contradict the
formal apparatus of the quantum theory either, is Everett's
concept of `relative states' [28]. Everett's concept was actively
discussed using modern representations, for example, in
papers [29±31]. From the very start, it was considered an
anti-Copenhagen concept. We will briefly describe below the
fundamentals of this concept. It assumes the existence of the
Universe wave function, which is an objective reality. It
satisfies the Schr�odinger equation and evolves unitarily.
Moreover, wave functions of single particles exist objec-
tively, too. In the case of quantum superposition, the
measurement of the physical quantity results in the `split-
ting' of the initial states of both the particle and the observer
into a multiple number of states, which belong to different
noninteracting worlds or universes. But if the states of
quantum superposition interfere, one would need to admit
the possibility of crossings between these worlds. For
example, if there is a quantum superposition of single-
photon j1i and two-photon j2i Fock states, which can be
implemented during the parametric down conversion of the
pump photon, and, further, these states interfere as in
experiment [4], then states j1i and j2i belong to different
worlds, and their interference requires the possibility of a
coupling between these worlds.

This means that, besides the `layering' of the space into
parallel worlds for quantum superposition, one needs to
introduce the procedure of their merging in the course of
interference. Moreover, time-reversibility of the Schr�odinger
equation implies that not only splitting but also merging of
worlds is possible (?), and this makes Everett's concept
different from the standard one, in which the measurement
breaks the reversibility. This is the inconsistency with the
results of the Copenhagen interpretation (see more details in
Refs [29±31]).
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In order to refute the nonlocal `realism', researchers have
chosen a strategy to develop new experimental schemes that
would show more and more evidently the nonreality of
models based on various types of nonlocal `realism', in the
sense of nonexistence of definite values of physical quantities
a priori, i.e., before measurement. Otherwise, how would one
explain, for example, two-ray interference effects taking into
account test experiments with the `delayed choice' (see, for
example, review [26] and references cited therein) or three-ray
interference [4] in the framework of nonlocal `realism'? The
only way is to assume nonlocal `jumps' of photons between
spatially separated optical channels, even through opaque
walls [27].

Papers [32±39] were an important step on the road of
nonlocal `realism' testing. The authors suggested objective
criteria (in the form of mathematical inequalities), which, in
particular, allow the refutation of one of the types of nonlocal
theories admitting a nonlocal coupling of the measuring
devices that detect pairs of quantum particles in the polariza-
tion-entangled state. A relevant experiment performed by
Zeilinger's group [35] refuted this type of nonlocal `realism'
under the assumption, however, that theMalus law holds true.
The authors of study [35] relied on the following assumptions:

(1) all measurement results are determined by the pre-
existing particle properties, which are independent of the
measurement;

(2) physical states are a statistical superposition of sub-
ensembles with a specific polarization;

(3) the polarization in these subensembles is defined in
such a way that the expected values for each of them satisfy
the Malus law (i.e., the well-known cosine dependence of the
polarized ray intensity on the angle of an ideal polarizer).

However, this method cannot refute a stronger type of
nonlocality, which corresponds to the nonlocal coupling, not
between the measuring devices, but between the results of
measurements made with distant detectors [35, 40].

In order to find out what the difference is between these
two types of hypothetical nonlocal couplings, let us consider a
simple example. Assume that two distant observers measure
the polarization states of incoming entangled photon pairs
using Wollaston type polarizing prisms, as in conventional
experiments on the Bell inequality violation (see, for example,
book [13]). Then, the assumption of nonlocal coupling
between the measuring devices would mean the dependence
of the first observer results on the Wollaston prism angle of
the second observer. Hypothetically, one can assume the
existence of stronger nonlocal coupling, when the measure-
ment result of one of the observers depends not just on the
second prism orientation but on the measurement result of
the second observer. Since these results are statistical and are
not uniquely defined by theWollaston prism orientation, this
second type of nonlocal coupling turns out to be stronger (see
more details in Ref. [35]).

However, it seems that the experiment described further
can refute the nonlocal `realism' in the sense of the impossi-
bility of denying quantum superposition of all possible values
of some physical quantity. The essence of the experiment is
based on the fact that during the parametric generation of
entangled photon pairs one can observe two effects: photon
cross-correlation suppression [41] and preparation of
squeezed states of light [42±45]. The only parameter which
could predefine these observable effects before the measure-
ment would be the phase difference between the photons in
the entangled pair if, of course, this difference exists. Thus,

based on the hypothesis that this phase difference exists a
priori as some parameter hidden before the measurement, we
can conclude that the nonlocality in this case can mean some
preliminary `knowledge' of photons about their future and
the whole configuration of the measurement experiment. But
these two effects cannot exist simultaneously for the same
phase difference. Consequently, in accordance with the
Copenhagen interpretation, this parameter does not take a
definite value. These considerations quite reasonably refute
the nonlocal `realism'.

2. Uncertainty of the photon phase
in Fock states

It is well known that due to the Heisenberg uncertainty
principle the phase of the Fock states with a definite number
of photons is completely undefined (including its cosine and
sine, which are observable variables described by Hermitian
operators). This means that the phase state is a superposition
of all its possible values from 0 to 2p (see, for example, Refs [4,
13] and references cited therein). How can this immutable fact
be treated from the nonlocal `realism' point of view? Only by
assuming that, after all, the photon residing, for example, in
the state j1i has a phase, but it nonlocally `adapts' to the
specific experimental situation, as if it `knows' all the
subsequent history of the photon transformation and
measurement. In this way, one can explain not only the Bell
inequality violation, but also omnifarious interference quan-
tum effects. Let us try to refute these assumptions by
analyzing the effects of photon count cross-correlation
suppression [41] and squeezed state preparation during the
parametric scattering of light (see, for example, Refs [42±45]).

The effect of photon count cross-correlation suppression
is a remarkable phenomenon demonstrating the peculiarity of
the quantum theory. If a single photon is sent into one of the
inputs of a 50% beam splitter, it will be found at one of the
outputs with a 1/2 probability, featuring typical corpuscular
properties. But what would happen if we sent single photons
into each input simultaneously? It seems that we would detect
two photons at one of the outputs with a 1/4 probability, and
a photon at each output with a 1/2 probability. In reality, this
is not the case: the probability of the second event turns out to
be zero, and the photons at the outputs are always grouped in
pairs. How can this be verified? In experiment [41], two
detectors were placed at beam splitter outputs and operated
in the single photon-count regimes. The signals from these
detectors were directed into the coincidence circuit (Fig. 1a).
With an accuracy up to the technical noises, the coincidence
signal was zero.

Theoretically, this result can be described using both
Heisenberg and Schr�odinger representations. In the first
representation, one introduces the photon annihilation
operators â and b̂, which describe two incoming plane
monochromatic modes. Operators for output modes in this
case can be expressed as ĉ � �â� b̂ �= ���

2
p

and d̂ ��âÿ b̂ �= ���
2
p

.
Below, we will find the photon number operators n̂c � ĉ�ĉ
and n̂d � d̂ �d̂ , as well as their correlation function hn̂cn̂di by
averaging over the initial state j1iaj1ib. As a result, we obtain

ah1jbh1jĉ�ĉd̂ �d̂ j1ibj1ia � 0.
In the Schr�odinger representation, one needs to introduce

the beam splitter matrix:

B � B11 B12

B21 B22

� �
� t ÿr

r t

� �
;
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where r and t are the amplitude coefficients for beam splitter
reflection and transmission, respectively, which in our case
are equal to 1=

���
2
p

.
Transformation of the Fock states jn1i and jn2i at the

inputs is described by the action of the beam splitter operator
[46]:

B̂jn1; n2i � 1���������
n1n2
p

Xn1; n2
k1; k2

Cn1
k1
Cn2

k2
Bk1
11B

k2
12B

n1ÿk1
21 Bn2ÿk2

22

�
������������������������������������������������������������
�k1 � k2�!�n1 � n2 ÿ k1 ÿ k2�!

p
�

� jk1 � k2; n1 � n2 ÿ k1 ÿ k2i : �1�

For the input state j1; 1i there are two states j1; 1i at the
output, but they turn out to have the same coefficients with
opposite signs: t 2j1; 1i ÿ r 2j1; 1i.

How can this result be interpreted? According to mono-
graph [46], it can be treated as a manifestation of wave±
particle duality. Indeed, on the one hand, the photons act as
particles triggering discrete photon counts; on the other hand,
they seem to interfere with the beam splitter as waves with a
specific phase difference. What is the value of this phase
difference? Obviously, in order to always have either 2 or 0
photons at the output, it should be zero or p. This actually
assumes the existence of a definite phase difference among the
photons mixed in a beam splitter. Otherwise, we would not
observe photon count cross-correlation suppression. This
phase difference is exactly the a priori hidden variable, which
fully predetermines the result of the experiment. This means
thatwe are dealingwith nonlocal `realism' in its pure form.Let
us see what the consequences of this interpretation are.

How can one obtain a j1; 1i state at the beam splitter
input? Simply as a result of the parametric down conversion
[43±45]. This was exactly the method used in experiment [41].
But what happens when we mix signal and idler beams of the
parametric process in the beam splitter? We prepare the
squeezed states of light, which are characterized by the
suppression of quantum fluctuations of one of the field
quadratures at the expense of the other (see, for example,
Refs [42±45] and references cited therein). But does such
preparation of states agree with the assumption that there is
always a phase difference of zero or p between the signal and
idler light beams, as follows from the interpretation of the
experiment mentioned above [41]?

Let us introduce the photon annihilation operators â and
b̂ for the signal and idler beams, respectively, which are
described by the Bogoliubov transformation of the seed
vacuum modes â0 and b̂0:

â � mâ0 � nb̂�0 ; b̂ � mb̂0 � nâ�0 : �2�

In both channels a and b, we add the phase delays ya and yb.
Obviously, they will not influence the cross-correlation
suppression effect, which follows directly from the considera-
tions given above in the Heisenberg representation. But how
do the phase delays influence the squeezed state preparation?
Photon mode annihilation operators at the beam splitter
outputs will be defined in the same way as before:

ĉ � â exp �ÿiya� � b̂ exp �ÿiyb����
2
p ;

d̂ � â exp �ÿiya� ÿ b̂ exp �ÿiyb����
2
p :

Accordingly, the quadrature components will be expressed as
X̂c � �ĉ� ĉ��=2, X̂d � �d̂� d̂ ��=2. Their variances will be
written out as

ah0jbh0jX̂ 2
c j0ibj0ia

� jmj
2�jnj2�mn exp

�ÿ i�ya � yb�
��m �n � exp �i�ya�yb��

4

� 1� 2n
�
n� m cos �ya � yb�

�
4

;

ah0jbh0jX̂ 2
d j0ibj0ia

� jmj
2�jnj2ÿmn exp

�ÿ i�ya � yb�
�ÿm �n � exp �i�ya�yb��

4

� 1� 2n
�
nÿ m cos �ya � yb�

�
4

; �3�

where m and n are real numbers. Here, we have performed
averaging over the initial vacuum state of seed modes and
used the relation jmj2 ÿ jnj2 � 1, which follows from the
commutation relations �â; â�� � �b; b̂�� � 1.

We have now reached the conclusion that the squeezing
effect significantly depends on the phase y. This is not
surprising, because at one of the beam splitter outputs the
light resides in a squeezed state, while at the other output, on
the contrary, the quadrature variance is increased, which
corresponds to the phase change by p. But does this agree with
the assumption that the phase difference between the signal
and idler beams alternates and takes values of 0 or pwith a 1/2
probability? Yes, this is quite possible, because the photons
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Coherent
radiation
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Coincidence circuit
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f
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Figure 1.Experimental schematics for the observation of the photon cross-

correlation suppression effect (a) and simultaneous registration of the

squeezed state (b). Under the action of coherent laser radiation, a photon

pair is generated in a nonlinear crystal. The photons are directed towards

the beam splitter and are detected afterwards. The coincidence circuit in

figure (a) registers the simultaneous arrival of two photons at both

detectors. For a 50% beam splitter, the probability of such an event is

zero. This means that photons arrive at the detector only in pairs. Using

the balanced homodyne detection setup shown in figure (b), one can

simultaneously measure the fluctuations of the field quadrature compo-

nent. The radiation can be directed to this setup by a switch. In order to

match the mixing frequencies, the frequency of the coherent radiation is

doubled before the nonlinear crystal.
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with a 0 phase difference are directed into the first output
channel (c) of the beam splitter, while the photons with a p
phase difference are directed into the other channel (d). How
can we prove the impossibility of the simultaneous existence
of these effects?

Let us add an element in one of the beam splitter input
channels which introduces a phase delay y (Fig. 1b). The
effect of cross-correlation suppression does not depend on
this phase delay: the photons will still be grouped in pairs at
the beam splitter outputs. Nevertheless, the squeezing ellipse
orientation (quadrature component uncertainty regions in
the phase plane) will change (see, for example, Refs [44, 45]),
which can be detected experimentally. However, if the
squeezing ellipse was rotated, the phase difference in the
channels is not 0 or p anymore, and the cross-correlation
suppression effect should at least become weaker if the
photons that enter the beam splitter indeed interfere. The
latter fact can also be verified experimentally.

The above considerations show that the effects of
squeezed state preparation and photon cross-correlation
suppression cannot exist simultaneously if the phase differ-
ence between the photons takes on a certain value. Thus, the
main assumption about the existence of a definite phase
difference leads us to a logical contradiction, which means
that this assumption is incorrect.

It is important to note that the phase differences y and F
are connected in the sense of their influence on the quantum
squeezing effect. At the same time, in the considered
experimental technique, these quantities have different
functional meanings: y directly introduces a phase delay and
changes the squeezing ellipse orientation, while the change in
the parameter F in the 2p range allows measuring this
squeezing ellipse and its orientation in the phase plane.

Despite the absolute clarity of the obtained result, it can
be treated based on the opposite representation. According to
the Copenhagen interpretation, there are indeed no a priori
defined values of the phase difference (or its cosine or sine).
However, situation under consideration can still be treated in
the framework of the nonlocal `realism'. Indeed, if there is an
instantaneous nonlocal coupling between all the objects
taking part in the experiment and between the measurement
results, then the phase difference between the photons in the
entangled pair can still have definite values corresponding to
the experimental results. This means that the phase will have
one value for cross-correlation suppression observations and
another value for the squeezed state preparation, depending
on the detection scheme.

Notably, the presence of a phase delay y in one of the
channels has the same influence on the quantum squeezing
effect as two phase delays ya � y=2 and yb � y=2 with zero
phase difference. This means that any rotation of the
squeezing ellipse can be observed for 0, p or any other phase
difference between the generated photons, because the effect
depends on the sum of the phase delays in the channels. In
order to demonstrate the inadequacy of this interpretation,
we modernize the experimental scheme in such a way that
both the effects (cross-correlation suppression and squeezed
state preparation) are observed simultaneously.

3. Modernizing the scheme of experiment

Let us modify the experimental scheme from Ref. [47] and
introduce beam splitters in such a way that it would be
possible to simultaneously observe the photon cross-correla-

tion suppression effect and quantum squeezing (Fig. 2) using
balanced homodyne detection schemes, which register the
fluctuations of the quadrature field components (see, for
example, Refs [44, 45] and references cited therein), and if
their level lies lower than the vacuum state, this means the
preparation of a squeezed state. These beam splitters will not
destroy either one or the other effect: as there were no pair
photon counts without them, it will still not coincide and the
squeezing effect will only weaken, but not disappear. At least
the orientation of the body of uncertainty or the so-called
squeezing ellipse in the phase plane will remain the same (see,
for example, Refs [44, 45] and references cited therein). What
does the quantum theory predict?

According to Eqn (3), the variance of the X quadrature in
channel c will reach its extreme value if a total phase delay
ya � yb is a multiple of 2p. Let us say that the X variance
reaches its maximum in channel c and minimum in channel d.
This can be easily observed by measuring both uncertainty
ellipses in the channels, while changing the phase delays Fa

and Fb in the 2p range.
However, the nonlocal `realism' concept leads to an

opposite result. Indeed, if the generated photon pairs a priori
have oscillating phase differences, which takes values 0 or p
with a 1/2 probability, then the pairs with a zero phase
difference will be directed into channel c, and the pairs with a
p phase difference into channel d, because in the latter channel
the photon acquires an additional phase delay due to the
reflection from a denser optical medium in the beam splitter.
But this means that the phase difference of both entangled
photons in channel d becomes either zero or 2p, thus
signifying that the entangled photon pairs in both channels,
c and d, are under absolutely identical conditions. Hence,
their uncertainty ellipses will be oriented identically, which
contradicts the quantum theory prediction given above.

L

2o P

Fa

Fb

Figure 2. Setup for the observation of photon cross-correlation suppres-

sion effect simultaneously with squeezed state detection. The frequency-

doubled coherent radiation from the laser L is directed into the nonlinear

crystal P, where it parametrically generates a photon pair, which is

directed into a beam splitter and registration scheme. A coincidence

circuit indicated in the central right-hand part of the figure by an X inside

a circle registers the simultaneous detection of photons at both photo-

detectors. For a 50% beam splitter, the probability of such events is zero.

This means that photons are always grouped in pairs at the detectors.

Simultaneously, using two balanced homodyne detection schemes, the

fluctuations of the field quadrature components are measured in channels

c and d. The radiation is directed into these schemes after the beam splitter

output. The homodyne field is created from the laser L radiation initially

split into three beams.
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The above considerations show that by assuming the
presence of a definite phase difference between two photons
in the Fock state before the measurement instant, we arrive at
a contradiction, which rules out such a hypothetical possibi-
lity. This means that there is no specific value of the phase
difference that would describe the experimental results
obtained in the scheme depicted in Fig. 2. Thus, this phase
difference simply does not exist, and such a conclusion does
not agree with any type of classical `realism' in the sense of an
a priori existence of definite values of measurable quantities.
We refute these theories including nonlocal `realism', pre-
cisely due to the mutually exclusive character of the
observable effects for a given phase difference. The non-
existence of an a priori defined value of ameasurable quantity
means that this quantity resides in a state of quantum
superposition of all the possible values. But all the classical
`realism' theories do not accept a phenomenon such as
quantum superposition. These theories are operating with
alternatives, which would explain the results of quantum
experiments without referring to the quantum superposition
phenomenon.

Rigorous justification needs the following formal condi-
tions. In reality, we prove the absence of a hidden variableÐ
a definite phase differenceÐby contradiction. We assume
that the following postulates hold true.

(1) All the measurement results are defined by the
preexisting particle properties, which are independent of the
measurement.

(2) The physical states are statistical mixtures of single-
photon pair subensembles with a definite phase difference.

(3) Mixed monochromatic light beams interfere. The
result depends on the phase difference: beams with zero (up
to the 2pn term) phase difference provide the intensity
maximum, and with p (up to the 2pn term) phase difference,
the intensity minimum, while in the intermediate cases the
expected values for each subensemble agree with the well-
known harmonic dependence of the light intensity on the
phase difference.

(4) Quantum squeezed states are prepared when a signal
and idler beams from parametric down conversion are mixed
in a 50% beam splitter. The squeezing efficiency depends on
the phase difference between the beams in such a way that the
beams with zero (up to the 2pn term) phase difference provide
a maximum squeezing efficiency in one channel, and mini-
mum efficiency in the other.

(5) The light reflected from a denser optical medium
acquires an additional phase shift of p.

Assuming these postulates to be correct, we arrive at the
logical contradiction described above, when analyzing the
experimental scheme shown in Fig. 2.

The criterion for adequacy or inadequacy of nonlocal
`realism' is the relative orientation of the uncertainty ellipses
in channels c and d: identical orientation would confirm the
nonlocal `realism', while the mutually orthogonal orientation
would refute it. This criterion is easier to formulate in words
than in the form of some mathematical inequality.

Interestingly, in order to refute the local theory of hidden
variables, J Bell needed only the locality postulate and the
probability theory. However, when using detectors with
nonideal quantum efficiency, the Bell theorem should be
complemented with a description of such a real-life detec-
tion scheme, which can be treated as an additional postulate
[3, 12, 13]. In order to solve the same problem in relation to
the nonlocal `realism' in the sense of coupling between

distant detectors, we had to rely on three postulates,
including the Malus law. Meanwhile, in order to prove the
inadequacy of the nonlocal `realism' in a more general sense,
one needs five postulates related to physical phenomena.
This means that the `stronger' nonlocal `realism' can be
refuted by using less generalized postulates. As we believe,
this should not weaken their reliability, because the
postulated physical phenomena (light interference, reflec-
tion from an interface between two insulators, squeezed
state preparation) with well-known laws have irrefutable
experimental confirmation.

Thus, the phase difference of a correlated photon pair
indeed does not have a definite value and is in a superposition
of all its possible values from 0 to 2p. But how can one
interpret the results of experiment [41] if neither the single-
photon phase nor the phase difference exist? Apparently, the
reason is that according to the Feynman interpretation of
quantum theory [48] the interference takes place not between
the photons, but between their alternative trajectories.
Indeed, how does the state j1; 1i form at the beam splitter
output? As a result of two processes: either two photons pass
through the beam splitter or they are both reflected. But in the
latter case, one of the photons acquires a p phase shift due to
the reflection from a denser medium (see also book [49]).
Phase incursion operator Ûy � exp �ÿiyn̂� transforms the
state j1; 1i into state ÿj1; 1i.

Summing up, two possible alternate trajectories interfere
destructively and suppress the cross-correlation. This simple
and intuitive approach allows solving more complicated
problems related to the Fock state transformation with
beam splitters without using the complicated and cumber-
some formula (1).

4. Conclusion

The result obtained in this paper is important, because the
nonexistence of definite values of observable quantities
before the measurement instant is a fundamental conclusion
of quantum theory in the Copenhagen interpretation. All
known experimental proofs of this fact can be challenged by
appealing to some unknown types of nonlocal interactions,
which are not limited by any regions of the light cone or,
correspondingly, by the speed of light. These are various types
of nonlocal theories (see, for example, book [50] and
references cited therein), which can in a purely formal way
explain the Bell inequality violation, as well asmany quantum
paradoxes. For example, single-photon interference on
Young's two-slit screen can be explained as nonlocal `knowl-
edge' of the photon that passes through one slit about the
existence of the other slit.

The experimental scheme described in the present paper
provides good reasons to refute such types of statements.
Nonlocal `knowledge' of the photon about its future cannot
in any way explain the rotation of the axes of an uncertainty
body or the squeezing ellipse in the phase plane (see Fig. 2).
Thus, the nonexistence of a definite value of a phase
difference between single photons cannot be questioned by
any hypothesis of a nonlocal `realism' in the sense of an
a priori existence of definite values of measurable variables.
This significantly decreases a number of possible quantum
theory interpretations, not limiting it only to the Copenha-
gen one, of course. An adequate explanation can also
be provided by the relational paradigm (see, for example,
paper [51]).
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