
From the Editors. Today in the world literature, as at certain
times in the past, are issues actively debated related to the
interpretation and, more generally, to the foundations of
quantum theory. At the same time these issues do not receive
adequate treatment in the Russian-language physical pub-
lications. For this reason,Usp. Fiz. Nauk recently published a
review by M B Menski|̄ entitled ``Quantum mechanics: new
experiments, new applications, new formulations of old
problems'' (Usp. Fiz. Nauk 170 (6) 631 (2000) [Phys. Usp. 43
585 (2000)]). The editorial preface to this paper invited the
readers to make their contributions to the discussion of the
foundations of quantum theory. Some letters have been
received and are presented below. Wishing to ensure free
expression, we did not subject these letters to peer review, and
take no responsibility for their content. We believe that such
an approach is more or less justified by the current situation.
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Does the phenomenon
of `reduction of the wave function' exist
in measurements in quantum mechanics?

A I Lipkin

This letter is in response to review [1]. My purpose is to point
out a fundamentally different theory not mentioned in Ref.

[1]. This theory rejects the phenomenon of `reduction
(collapse) of the wave function' (introduced by John von
Neumann and Paul Dirac in the 1930s), and the closely
related `quantum theory of measurement', the unconditional
existence of which is taken in Ref. [1] for the basis, as
unjustified and not validated experimentally. I am referring
first of all to the well-knownworks of DNKlyshko [2, 3]. The
same view is shared by the author of this letter [4, 5]. This view
was presented in our large joint paper entitled ``On the
`collapse of the wave function', `quantum theory of measure-
ments', and the `incomprehensibility' of quantummechanics''
[6], where we propose a clear-cut formulation of nonrelativis-
tic quantum mechanics, free from the concept of `reduction
(collapse) of the wave function'. This letter is based on the
ideas of Ref. [6] (see Sections 3.1, 3.3, 4) 1.

1. Analysis of the main points
The fundamental, seminal and axiomatic concept for the
theory going back to von Neumann and adopted by
M B Menski|̄ is the postulate of the `reduction of the wave
function' associated with measurement in quantum
mechanics.

One of the most common illustrations of the `reduction of
wave function' is the following. Assume that we are measur-
ing some variable Ð for example, the position of particle in
the plane of the screen (photographic plate), and this variable
corresponds to an operator B. The reading of the instrument
is b1. According to most textbooks and the vast majority of
theoretical physicists, this implies that:

Statement 1: this measurement is the phenomenon that is
to be described by quantum theory;

Statement 2: it is proclaimed that in the language of
quantum theory this phenomenon is described as the
instantaneous reduction of the wave function (WF) of the
system from C �Pk ckjbki (in the general form in Dirac's
notation) to jb1i with the probability jc1j2 (according to
Born's rules). This jump is known as the `reduction' or
`collapse' of the WF;

Statement 3: it is proclaimed that this transition is not
described by the SchroÈ dinger equation Ð that is, it is `illegal'
as far as the equations of standard quantum mechanics are
concerned.

The incompleteness of contemporary quantum
mechanics, which follows from this last statement (based on
the preceding two), and the resulting need for an extension of
its foundations, are what has been understood since the times
of von Neumann as the `problem' of `reduction (collapse) of
the wave function'.
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From the time of its formulation in the early 1930s, this
problem has been regarded as a very serious one, and the
attempts to resolve it went as far as introducing the
consciousness [7, 8] or a multitude of worlds (Everett's
many-worlds interpretation [9, 10]) into quantum
mechanics. This problem is also central for the so-called
`quantum theory of measurements'.

Observe that the direct observation of a bright dot on the
photographic plate on the one hand (in different tests the dot
will occur at different locations of the front of the plane wave,
but if the beam of particles is sufficiently weak, not more than
one dot will form in each test run), and the `phenomenon' of
`collapse (or reduction) of wave function' on the other, are not
one and the same thing. The former is an empirical fact,
whereas the latter is only one possible interpretation of this
fact, based on the theoretical assumptions 1 ± 3 above.

Let us analyze these statements and see how well founded
they are.

Doubts start with the first statement. For instance,
V A Fok (in his polemics with Bohr) maintains that three
stages must be distinguished in the structure of real experi-
ment in quantum mechanics: ``preparation of the object (P),
the behavior of the object under fixed external conditions,
which is what is described by the quantum mechanical theory
(T), and the measurement itself (M)'' (see Ref. [11], p.166) 2.
We can represent this three-way structure by the formula

A similar entirety (rather than just its theoretical component)
termed ``the nucleus of branch of science'' is the object of
analysis in Refs [4 ± 6].

The boundary between these elements is flexible: one can
enhance the theoretical part by including some of the
measurement component (this is the domain of the theory of
measurements), but the ENTIRE measuring component,
complete with the procedure of comparison with the
standard, CANNOT IN PRINCIPLE be included in the
theory. We hold that the procedure of measurement contains
a certain part (comparison with the standard) that cannot be
described within the framework of that branch of physics in
which it is used. In all likelihood, an even more stringent
statement is true: the procedure of comparison with the
standard cannot be completely covered by any branch of
physics). A similar feature applies to the preparation
procedures. This property of the extreme terms in the
structural formula P ±T±M we call `non-theoreticality'. We
cannot offer a rigorous proof of this statement, like the proof
of GoÈ del's theorem in arithmetic, but there are a number of
arguments in its favor.

Observe first of all that all this discussion and all these
arguments can also be applied to classical mechanics. Then
the analog of the contended view will be the requirement to
include the experimenter with the yardstick measuring the
distance traveled by a body sliding down an inclined plane
into Newton's equations of motion. This requirement (like
`Statement 1' above) is doubtless only from the Laplacian
standpoint, which holds that ``everything, including man,
consists of atoms, and atoms are described by mechanics,
therefore everything, including the acts and thoughts of man,
can be described by the laws of mechanics''. This philosophi-

cal rather than physical reason cannot be refuted by any
argument except that in our times the ideology of such
mechanical extremism is not commonly accepted. For
example, the system approach holds the opposite: that a
system possesses properties that cannot be reduced to the
properties of its individual elements. Therefore, the reduction
of all phenomena to mechanical features (whether classical
Laplacian or quantum, like SchroÈ dinger with his cat) is not
absolutely necessary. This, however, is a purely philosophical
issue that is discussed in greater detail in Refs [4, 5].

This critique of Statement 1 already casts doubt on the
validity of Statement 2. However, we shall subject to scrutiny
other foundations of this statement as well.

Two snags in the formulation of Statement 2were obvious
from the start. First, it is clear that the measurement can be
carried out in such a way that it destroys not only the state but
also the system itself (for example, the registration of
quantum particles with photodetector). Because of this,
Wolfgang Pauli introduced the distinction between measure-
ments of the first kind (nondestructive) and the second kind
(such that destroy the state or the system), and restricted the
validity of Statement 2 only to the measurements of the first
kind.

Secondly, Born's postulates say nothing yet about the
state of the system after the measurement. Accordingly, the
main argument in favor of Statement 2 is usually the thesis of
von Neumann that if the system is subjected to two
measurements (of the first kind) that follow one another
immediately, then the result of the second will be the same as
that of the first. Von Neumann referred to the known
Compton ± Simon experiment [14] on the collision of
photons and electrons. This experiment has since been
regarded as an empirical validation of Statement 2. But is
this interpretation correct?

A correct statement of the problem for repeated measure-
ment in a Wilson chamber in the framework of standard
quantum mechanics based on the SchroÈ dinger equation was
treated by L Schiff as the problem of calculation of a
distribution of probabilities of excitation of two atoms by a
passing fast quantum particle (electron). The calculation
gives a tangible probability only when the path of the particle
is nearly parallel to both the line drawn between the atoms
and the direction of the final momentum of the scattered
particle. In other words, the experimental results, usually
cited in support of von Neumann's thesis and Statement 2,
can be described by the conventional quantum mechanics
without Statement 2. It seems that today, all known
experiments can be quantitatively described by the standard
algorithms of quantum theory and Born's postulate. There-
fore, Statement 2 and the consequent Statement 3 are also
unfounded.

In real quantum mechanics, Statement 3 is replaced by an
acceptance of the fact that the SchroÈ dinger equation (or its
analog), which describes the linkage between states (of the
change of states) in quantum mechanics, must be supplemen-
ted by Born's rules of `probability interpretation of the wave
function' (PIWF), which link together the mathematical
representation of a state of the system (the wave function)
and the correspondingmeasurements, and have nothing to do
with the change of states. Such is the structure of quantum
mechanics. Classical mechanics is constructed in a similar
way: the states are described by the equation of motion, while
the procedure of measurement (comparison with the stan-
dard) fixes a particular state.

P T M

2A similar articulation was mentioned by W Heisenberg (see Ref. [12],

p. 20), and H Margenau [13]; however, the interpretation is different.
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This view of the problem is based on a particular
interpretation of state in quantum mechanics. According to
the definition given inRefs [4, 5], the state of a physical system
is something that, if known, gives answers to all questions
regarding this physical system in that particular branch of
physics. Accordingly, since we assume that all questions that
can be asked in quantum mechanics should refer not to the
readings of measurements, but rather to the distribution of
probabilities of different measurables whose definition
requires a long series of measurements, the reading of an
individual measurement cannot be identified with the state of
the system (if only it has not been obtained in an eigenstate)
either before or after the act of measurement. This statement
seems quite stringent, because it is more customary to
associate the state with the definite values of measurables.
This statement, however, is completely consistent both with
Born's postulates and with other postulates of quantum
mechanics [6].

In this way, we come to the conclusion proclaimed by
DNKlyshko andmaintained by the author, which states that
the `problem of reduction of WF' is just a hypothesis (or
postulate) proposed by Dirac and von Neumann (1932), and
is a typical example of a `vicious circle' Ð first one is asked to
take for granted that the WF for some unknown reason is
destroyed outside of the region of registration (for measure-
ments like determination of the position of the particle), and
then this is promoted to the rank of a natural law (as they say,
`adopted by repetition'). Nevertheless, the reduction in some
textbooks and monographs is listed among the fundamental
postulates of quantummechanics (see, for example, Ref. [16]),
although its necessity is questioned by other authors (see Refs
[17 ± 21]). As a matter of fact, Dirac's projection postulate
(used for describing the reduction ofWF) is not needed, and is
never used for the quantitative description of actually
observed effects [6].

2. Myths 3 of quantum measurement
The ultimate purpose of the `quantum theory of measure-
ments', as it is understood in Refs [1, 16, 17], is the theoretical
(quantum mechanical) description of the process of measure-
ment, which is inseparably linked (or even coincident) with
the `phenomenon' of reduction (collapse) of the wave
function and Statements 1 ± 3 analyzed above. Accordingly,
the above analysis also applies to the `quantum theory of
measurements', and in our opinion the very statement of such
a global purpose is wrong.

What then is the subject of the `quantum theory of
measurements'? Out of various effects of the measuring
device upon the measured system we select the following:
(1) destruction (in measurements of the second kind);
(2) filtering; (3) interaction through the test object in indirect
measurements.

It is the different versions of indirect measurements that
are the main area of concern for the quantum theory of
measurements. In other words, the proper domain of the
quantum theory ofmeasurements is the theoretical analysis of
the interaction between the measured system and the `test
object' in the case of a nondestructive measurement of the
first kind in the framework of standard quantum mechanics.
In this case the system is extended through the inclusion of the
appropriate part of the measuring device (the test object, or,

which is essentially the same, some part of the measuring
system). This is equivalent to the displacement of the boundary
T ±M in the P ±T ±M structure described above. This gives
rise to the quantum mechanical problem of such a composite
system, which is solved by the standard methods using the
SchroÈ dinger equation or its analogs. This is a normal well-
posed quantummechanical problem. Its solution, however, is
often supplemented by the assumption of the `reduction of the
WF' on the grounds discussed earlier. In other words, a jump
is introduced in the end without any theoretical justification.
Therefore, to the theory of measurements as such one should
assign whatever happens before this jump Ð which does not
go beyond the limits of the standard quantummechanics (into
which we also include quantum statistical mechanics, where
the role of the wave function is played by the density matrix).

A similar situation is observed with the effects of filtering.
One shouldmake a distinction between filtering (for example,
with a pinhole or polaroid) andmeasurement, where a filter is
often a component of the measuring device. Filters prepare a
state, but to measure something one also needs a detector (by
detection we mean some real evidence of the existence of
particle, like a click in a Geiger counter or a track in aWilson
chamber). Filtering is aimed directly at the states, at the
controllable modification of the states, whereas the acts of
measurement are directed at the values of measurables whose
probability distributions describe the state of the system.
When the boundary T ±M or P ±T is displaced, filtering is
included into the theory. Sometimes it is described in a
consistent quantum mechanical manner, like in the Stern ±
Gerlach experiment, but more often the approach is less
consistent (as a matter of fact, quasi-classical), using the
appropriate projection operator in a mathematical layer.
The latter is sometimes done rather tacitly. For example, in
the experiment described in Ref. [2] a fast particle with a given
momentum is registered by two Geiger counters separated by
some distance. In the theoretical treatment of this experiment
the problem is reduced to the description of the interaction of
this particle with the atoms of the counters Ð that is, to the
inelastic scattering of the particle on a pair of atoms, rather
similar to the problem with the Wilson chamber mentioned
earlier. The difference is that this time the atoms are `fixed' by
the Geiger counters, whose size acts as the spatial filter for the
states of atoms on which inelastic scattering with the particle
takes place.

The `problem of reduction' does not arise in any of these
cases, like in the case with the test object.

So we see that the initial GLOBAL statement of the
`problem of quantum theory of measurements', closely
related to the `problem of reduction of the wave function', is
not correct, being based on `Statements 1 ± 3', which are ill-
founded. The proper theory of measurements is related to the
quantum mechanical treatment of various possibilities of
indirect measurements, and involves about the same scope
of issues as the classical theory of measurements. In both
theories that part of the measurement procedure which is
formulated as a physical problem is solved within the domain
of the corresponding branch of physics. The procedure of
measurement, however, also includes the comparisonwith the
standard, which in principle is a technical rather than a
physical or psycho-mental (that is, involving the conscious-
ness) phenomenon.

In this way, the nonrelativistic quantum mechanics today
is quite convincingly described by the standard formalism of
quantummechanics and supported by experiments. There are

3By myths we refer to statements that are adopted without sufficient

grounds and cannot in principle be proved experimentally.
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no experimental or theoretical grounds for revision of the
foundations of nonrelativistic quantum mechanics. In parti-
cular, the 70-year old attempt to include the `phenomenon of
consciousness' into the foundations of quantum mechanics
(the tradition dating back to von Neumann [7] and supported
today by such serious scholars as EWigner [24], R Penrose [8],
MBMenski|̄ inRussia [1], and others) is hardly justified. ``We
must always divide the world into two parts Ð the observed
system and the observer'' Ð claimed von Neumann. Ð The
fact that this divisionmay be drawn arbitrarily deep inside the
organism of the actual observer constitutes the principle of
psychophysical parallelism 4. This division, however, needs to
be drawn somewhere... Because the experiment can only lead
to statements like `the observer has experienced a certain
(subjective) sensation', but never like `this physical variable
has a certain value'' (see Ref. [7], p. 308). This statement of
vonNeumann combines the philosophy of physicalism (in the
Laplacian sense), instrumentalism, and neopositivism (logical
positivism), very popular in the 1930 ± 40s.With the demise of
neopositivism (which was scattered to the winds by the post-
positivists in the 1960 ± 70s; see Ref. [5] for more details), the
role of the observer as the solution of the problem of
measurement (reduction of WF) was transferred to the
consciousness [1, 25, 16]. Consciousness, like `deus ex
machina' resolving the difficulties of a plot in the plays of
17th and 18th centuries, is expected to cut short this
`psychophysical' infinity (anything can be ascribed to God
or consciousness). The above analysis demonstrates the
shabbiness of such constructions.

The same can be said of the many-worlds interpretation
[9, 10] that appeared in 1970s and assumed that each term in
C �Pk ckjbki ``corresponds to a separate world. In each
world there is its own quantum system and its own observer,
and the state of the system is correlated with the state of the
observer. The process of measurement may be viewed as the
process of branching of the wave function, or the process of
`splitting' of worlds''. In each of the parallel worlds the
measured quantity B has a certain value bi, and it is this
value that is seen by the observer that ``settles down in his
world. Because of this, the effective reduction of the wave
packet takes place for the observation in each of the parallel
worlds'' (see Ref. [10], p.25). The presentation of this theory
always mentions only one observer, and for a reason: the case
of more than one observer can hardly be resolved within the
framework of this schizoid (fromGreek `to split') conception.

A similar situation is observed with the so-called
`quantum teleportation', dealing with triple correlations.
``The interpretation of this effect, adopted in Refs [26 ± 33],
like its name, is based on the popular concept of the
instantaneous reduction (collapse) of the wave function as a
result of the measurement, leading to quantum nonlocality.
Observe that this beautiful effect is also completely described
by the quantitative quantum formalism'' [2, 34].

As far as the concept of decoherence is concerned [1, 35],
here we must note certain aspects.

1. In Refs [1, 35] decoherence is related to the problem of
`reduction of the wave function' in measurements in quantum
mechanics. Since we believe that this problem does not exist,
we leave this aspect out of consideration.

2. There is something that M B Menski|̄ classifies as
mesosystems Ð systems consisting of a large number of

atoms. When the number of atoms is very large, mesosystems
become macrosystems. Essentially we are dealing here with
the experimental verification of de Broglie's expression for the
characteristic scale of quantum mechanical interference
effects as the mass of the system increases. There is,
however, no need to introduce any special effect of decoher-
ence.

3. A special class of problems relates to the interaction
between a quantum system and a thermostat (heat buffer). As
a matter of fact, this is the domain where the theory of
decoherence takes its beginning and is being developed.

Summarizing, we may conclude that Born's postulate
gives the algorithm for comparison between theory and
experiment. It is the main measurement-related postulate of
quantum mechanics that is consistent with all known
experiments. The concept of `reduction of the WF', how-
ever, currently seems unnecessary.

These results are based on the work financially supported
by RFBR Grant 99-06-80244
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Physical interpretation
of quantum mechanics

R S Nakhmanson

The text that follows was written in response to the
publication of paper by M B Menski|̄ [1] and the call from
the editors of Uspekhi Fizicheskikh Nauk [Physics ± Uspekhi]
journal to continue an open discussion of the fundamental
physical and philosophical problems of quantum mechanics
in the form of ``Letters to the Editors''. These initial and
boundary conditions have predetermined my polemic and
summary presentation: in the first part I give critical
comments on certain aspects of Menski|̄'s paper, and in the
second part I present the fundamentals of the alternative
interpretation of quantum mechanics (QM), referring for the
details to the original publications.

1. Paper of M B Menski|̄
In Section 2.1 of his paperMensky shares the popular opinion
that the experiment performed by Aspect's team [2] and
concerned with verification of Bell's inequality [3] conclu-
sively blocks the way for the local-realistic models. This,
however, is not the case, and Aspect himself knew that. The
new thing in Ref. [2] as compared with the experiments
carried out in the preceding decade was the fast switching of
conditions of registration of photons, which precluded the
possibility of a relativistic informational linkage between the
particles in the EPR pair. This gave rise to the legend of
nonlocality of QM, of the `instantaneously' correlated
behavior of the EPR pair, even though its constituent
particles may be hundreds of light-years apart. This, as justly
noted in Ref. [1] and elsewhere, is contrary to our `intuition',
to the common sense shaped by our everyday experience Ð
but, as they say, nothing can be done about that.

Let us see, however, what Aspect writes at the end of his
paper [2]: ``The switching of the light is effected by acusto-
optical interaction of the light with ultrasonic standing wave
at 25 MHz, providing a commutation at 50 MHz, i.e. a
change of orientation each 10 ns. This time is short compared
to L=c (40 ns), but unfortunately it is not possible with these
devices to achieve a random switching. In this respect, the
experiment is far from the thought experiment''.

Another experimentum crucis Ð the so-called `delayed
choice' Ð was carried out by Alley's team [4]. The special
feature was that this team used a random commutation of a
Pockels cell in one of the arms of the Mach ±Zehnder
interferometer.

What is the matter then, and why were Aspect and Alley
so keen on randomness? They themselves did not dwell much
on that. In 1993 at a conference atOlympia I said toAlley: ``In
a random sequence each term in the series is unpredictable. Is
it that you suspected the ability of particles to predict the
situation and wanted to prevent that?'' ``I guess you're right'',
Ð he replied.

To the best ofmy knowledge, the faculty of prediction was
first expressly surmised in 1992 inRef. [5]. Such a possibility is
also assumed in a recent work of Zeilinger's team [6]. This
idea leads on to consciousness and its linkage with matter,
which is the subject of the latter half ofMenski|̄'s paper. There
is, however, an important distinction: explicitly in Ref. [5] and
tacitly in Refs [2, 4, 6] it is assumed that matter itself is
endowed with consciousness, whereasMenski|̄, in the steps of
vonNeumann andWigner, only considers human conscious-
ness.

We shall return to this point later on, meanwhile just
noting that if matter has the faculty of prediction, then Bell's
theorem does not hold, the local-realistic models of micro-
world are feasible, and nonlocality is outcast. All this,
including the intelligence of matter, can be reconciled with
our intuition and common sense. If our ancient nature-
worshiping ancestors or the little child of today could use
our modern experimental equipment, they would not be
surprised by the behavior of elementary particles.

In Section 3 Menski|̄ considers the problem of super-
position of wave functions and its transformation upon
transition to macroscopic systems (`SchroÈ dinger's cat').
Unfortunately, he falls victim to the common mistake of
going too far in identifying the mathematical construct (the
wave function) with the material object, whether it is the
elementary particle or the cat. Speaking of the space of states,
he forgets that it is the space of wave functions rather than a
real space, and that the superposition of functions does not
imply the superposition of objects. Quoting from the
beginning of Section 3:

``As known, the space of states of a quantum mechanical
system is linear. This means that, along with any two of its
states jc1i, jc2i, also possible is their linear combination
(superposition) c1jc1i � c2jc2i with arbitrary (complex)
coefficients c1, c2. For example, if a point particle may occur
at either of two points, it may also occur `at both points at the
same time'. There is nothing like that in classical mechanics.
For example, a stone may occur either at one point, or at
another, but not at both points at the same time''.

This last observation of Menski|̄ is certainly correct, but
he is wrongwith respect to the elementary particle: no-one has
so far observed one and the same particle at two points at the
same time, and no-one is likely to do that in the future. Yes,
the interference of amplitudes exists in the microworld, and
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the distribution of probabilities in the registration plane of
two-slit experiment is not equal to the sum of one-slit
probabilities. Yes, the picture looks as though, from the
wave generated by the source of particles the screen cuts out
two coherent waves that would interfere with each other to
produce the oscillating distribution in the registration plane.
All this, however, applies to the wave function rather than to
the particle itself, and takes place not in the real space, but in
the configuration space that occurs in all likelihood in the
mind of the particle and determines the choice of the
scattering angle when the particle interacts with the edge of
the slit. As far as the particle itself is concerned, it does not
`split in two' according to the two possibilities, but only passes
through one of the slits. The same applies to the SchroÈ dinger
cat. Irrespective of the numbers and types of waves, including
interfering waves, that describe the state of the radioactive
atom and the cat, they are only concernedwith the probability
of decay of the atom and the death of the cat. The atom itself,
however, is either decayed or not, and, accordingly, the cat is
either dead or alive, and this does not depend on whether we
know the state of the atom or not, and whether or not we see
the cat. Those who accept the so-called Copenhagen inter-
pretation of QMwill argue that the question of which slit was
taken by the electron has no meaning as long as this has not
been registered, and will not bother about the `meaningless'
questions about the cat.

A special place in Menski|̄'s paper belongs to Section 4 Ð
both in size (almost half of the entire article) and in content.
This section deals with the physical interpretation of the very
successful mathematical formalism of quantummechanics Ð
the problem as old as QM itself, and much debated. The
solution of this problem Menski|̄ sees in the combination of
the many-worlds Everett ±Wheeler interpretation and the
von Neumann ±Wigner idea concerning the role of the
observer's consciousness.

Menski|̄'s choice can hardly be regarded as good.
According to the many-worlds interpretation, myriads of
real worlds are born each second, and only a tiny proportion
of them have the possibility to recombine with their twin
brothers. This interpretation of quantum mechanics is non-
constructive, does not render itself to be experimental
verification, and does not stand to reason. It is no wonder
then that the many-worlds interpretation is now commonly
regarded as a pedagogical curiosity, and Wheeler himself has
long dropped this idea.

The second component inMenski|̄'s interpretation of QM
is human consciousness, which, he believes, performs the
selection of alternatives at the quantum level, which even-
tually leads to macroscopic consequences, and now not only
to the deflection of the needle of the instrument: ``The function
of consciousness consists in selecting one of the alternative
Everett worlds''.

The assumption of the decisive role of human conscious-
ness in the process of measurement (von Neumann, Wigner,
London and Bayer) gives rise to a number of questions. For
example, whose consciousness is it when we deal not with a
planned experiment, but with something that takes place `by
itself', when man is simply an onlooker or even not present?
At the end of his paper Menski|̄ writes that consciousness is a
fundamental physical property, but ``only found in living
matter'' Ð that is, not only in humans after all. He does not
specify, however, as the reader tends to expect, whether he
also implies the selection of alternatives. But is it sufficient to
be alive to possess consciousness? And how do we distinguish

between what is alive and what is not? What was going on
when there was no `living' matter? Cosmology teaches us that
the laws of motion of `nonliving' matter were practically the
same, even though there was no `living' matter to watch.

There are two possible solutions in this blind alley. One is
to assume that the notions of cosmologists are delusory, as
illustrated by the dialogue between atheist and priest:

Atheist: ``You say that God created the Universe 6
thousand years ago, while science has proved it is at least 10
billion years old!''

Priest: ``God created theUniverse 6 thousand years ago in
such a way that it looks 15 billion years old''.

The other way out is to assume that consciousness is
inherent in all matter, both `living' and `nonliving', and it is
the consciousness of the latter that plays the decisive role in
physical processes. This assumption (which has a long
standing) delivers us from the human solipsism and from the
nightmare of many worlds, and provides a natural explana-
tion of the apparent nonlocality and other paradoxes of the
quantum world.

2. Informational interpretation of QM
Elementary particles possess a consciousness of their own.
There is enough room for that: the typical size of 10ÿ18 m will
accommodate 1050 Planck cells, which is much greater than
not only the number of neurons in the human brain, but even
than the total number of atoms of all known biological
objects. The behavior of particles is purposeful, which is
reflected in the teleological nature of physical laws (varia-
tion principles). Interacting particles exchange information.
They need to have correlated notions about space and time,
and in this sense one may speak of the preferred system (like
the Greenwich system of time and coordinates). The unity
(`holism') of the Universe is informational in its nature. The
`Internet' ofmatter has probably exist from the time of the Big
Bang. A lot of time has passed since, especially in the
microworld if one counts events, not hours. One might
expect that the civilization of particles has undergone a long
evolution. It is possible that this civilization is past its prime
already, and is now in the state of stagnation or decline.

The wave function is the strategy of the particle. It is
located in the consciousness of the particle and is the result of
the work of this consciousness on the known information
about the world. The particle is solving a quantum mechan-
ical problem. People have already guessed many rules of this
solution and presented them in books and papers on quantum
mechanics.

Receiving new information, the particle adjusts its
strategy Ð that is, its wave function. This is the so-called
collapse of the wave function. It occurs not in the real space,
as is commonly thought, but in the consciousness of the
particle Ð that is, locally and instantaneously on the
commonsense scale. Contrary to the views of von Neumann,
Wigner and others, in the general case the human conscious-
ness has nothing to do with the collapse.

Two or more particles may have a common strategy. In
such a case their common wave function does not decompose
into a product of partial wave functions. Being separated,
they nevertheless act in a concerted way.

The information available to the particle is the knowledge
of the past. For solving the variation problem, the particle
must be able to predict what is in store for it. Prediction is a
necessary attribute of any consciousness. A consciousness
with the faculty of prediction is the nonmechanical hidden
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parameter that is possessed by the particles and that was
overlooked by Bell in the formulation of his theorem. In the
experiment by Aspect's team [2] the particles in the EPR pair
at the time of separation were able to predict with sufficient
accuracy the conditions of registration, since the latter varied
in a periodicmanner. In the experiment by Zeilinger's team [6]
the conditions of registration were governed by a random
number generator, based on the `random' emission of an
LED and subsequent `random' interaction of photons with a
semitransparent mirror. In other words, the `randomness'
was borrowed from the object of study itself (the quantum
world), which cannot be regarded as reasonable. The authors
apparently understand this, because they do not insist on
nonlocality, and plan to continue their experiments.

The wave function only sets the priorities. Taking them
into account the particle makes a random choice. Such tactics
allows for `impartial' exploration of all alternatives.

What are the experimental possibilities for verifying this
hypothesis? Again, we see two possible ways. The first is to
prevent the particles from correctly predicting the future,
which should lead to nonstandard results. Examples of this
approach can be found in Refs [2, 4, 6].

The other possibility is to affect the particles with
information . Let us illustrate this with some examples. In
Fig. 1 an impulse of polarized light from source S is passed
through a `black box' Ð meaning that the observer physicist
knows what goes in and can measure what goes out, but does
not know what is inside the box. In the case shown in Fig. 1a
the light that comes out of the box can be either deflected to
the right bymovable mirrorM, or allowed to continue its way
forward. Such management of the beam, somewhat like a
railway switch, we call `force management'.

If we place a thick transparent glass plate on the path of
the beam inside the box at the Brewster angle to the beam (as
seen in Fig. 1a), we do not introduce any absorption or
reflection, but the physicist can use his instruments to see that:

(1) (owing to refraction in the plate) the beam going out of
the box is displaced to the right by a distance Dz (as shown in
Fig. 1a);

(2) (owing to the fact that the speed of light in glass is
slower than in air, and the path length is increased) the light
will come out of the box with some delay Dt.

And this is all that the physicist can find out without
looking into the box.

In Figs 1b and 1c in place of 100%mirrorMwe have fixed
semitransparent mirrors, and the thick plate is split into 8 thin
plates of which two are thicker than the rest. Our physicist will
not notice any of the changes made inside the box, because he
will measure the same Dz and Dt. The photons, however, if
they are intelligent and knowEnglish language and theMorse
code, will read the following instructions:
� ÿ � � � � ÿ� � REF (reflect) in Fig 1b, or
ÿ � � � � � ÿ� � THR (through) in Fig. 1c,

and carry them out by reflecting in Fig. 1b or passing through
the semitransparent mirror in Fig. 1c. Such management of
the beam, like the traffic lights at a crossroads, may be
referred to as `informational management'.

Note that carrying out of such `informational' experi-
ments with elementary particles differs from anything that
has been done in physics so far.

It is possible that the particles actually know all human
languages and codes. But it would be safer to assume that we
are dealing with a totally different civilization that knows
nothing about us, so that our first contacts will run into
difficulties. This problem is not new, and has been seriously
considered in the framework of the Search for Extraterrestrial
Intelligence project SETI. Its experts are inventing `cosmic'
languages capable of developing communication from zero to
a high semantic level. At the initial stage one could
recommend trying such universal languages as mathematics
and music. The starting point for identifying intelligence that
may be much unlike ours, and for trying to establish contact
with it, should be some very general property presumably
inherent in any kind of intelligence. A good candidate for
such a role is curiosity.

Figure 2 shows the scheme of a `binary tree' experiment
that does not presume that the particles are aware of our
culture in any way. The initial beam of photons enters the tree
trunk (from below in Fig. 2), and then branches out with the
help of 50%-transparency mirrors, shown in the diagram by
circles. Our scheme in Fig. 2 only has five rows of mirrors, but
in principle the more the better.

Dz

DtS
M

a

Dz

DtS

b

Dz

DtS

c

Figure 1. Force (a) and information (b, c) management.
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According to current views and experimental practice, all
outgoing beams (Fig. 2 top) have the same intensity, which is
1=32 of that of the initial beam (of course, real mirrors will not
have exactly 50% transparency, and there will be some
absorption, but this is not important).

Now we introduce into all the right-hand branches
(corresponding, for example, to reflection by the mirrors)
the `informational cells' (shown by rectangles), which convey
some information to the particles. These cells may be
represented by the sets of glass plates in which the informa-
tion is encoded in the thickness of the plates and the distance
between them. The information conveyed by each subsequent
row of cells is a continuation of the information conveyed by
the previous row.

Real cells introduce some absorption, which can be taken
into account in processing of the experimental data, or
compensated by installing similar cells in the left-hand
branches, which carry `less interesting' information. For
example, if each letter of our alphabet corresponds to a plate
of certain thickness, then the left-hand cells may have the
same plates arranged in alphabetical order.

According to the current views and practices, the intro-
duction of informational and compensating cells will not
affect the equal distribution of the intensity in the exit
branches. If the particles have intelligence, however, they
may take interest in the information presented to them.
Trying out different paths, they will discover that the right-
hand branches carry more information, and will prefer them
to the left-hand branches. In other words, the particles will
develop a conditioned reflex. This will alter the distribution
of particles in the exit branches. Figure 2 shows an example of
the probability of the particle occurring in different branches
of the tree in the case of momentary formation of a
conservative conditioned reflex Ð that is, when the particle
after the first comparison of the right-hand and the left-hand
branches immediately begins to give total preference to the
right-hand ones.

The unequal distribution of particles in the exit branches
may be detected by the experimenter, and can be rightly
interpreted as an interest of the particles towards the
information, and a manifestation of their intelligence. This
important result does not even depend on the ability of
particles to decipher information Ð it is sufficient that they
are curious. It is like archaeologists traveling to remote places
because of their curiosity for ancient hieroglyphs, long before
they learned to read them.

The sum of information distributed in the cells may be a
kind of a course teaching the particles a language for further
dialogue. To measure the progress of learning, the experi-
menter from time to time may present the particles with the
instruction ``Please turn left''. Since the particles, eager not to
shirk the lessons, will tend to select the right-hand branches,
the execution of this instruction will mean that the text was
decoded, and we have moved to a higher level of information
contact.

The scheme in Fig. 2 can do even more. By selecting a
unique path, the particle may use the `right ± left' code (`0' ±
`1') to transmit amessage. Since the detection of the particle in
the exit branch corresponds to the unique path in the tree, we
shall be able to read this message. For example, the leftmost
branch in Fig. 2 corresponds to the message `00000', and the
rightmost to `11111'.

This interpretation of QM is also developed in Refs [7 ± 9].
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Reality and the main question
of quantum information

A M Pilan

As a matter of fact, the main issue in M B Menski|̄'s
``Quantum mechanics: new experiments, new applications
and new formulations of old problems'' is concerned with the
information that is available in Nature for the
(pre)determination of quantum histories.

After 75 years of debate many practical scientists do not
believe in the expedience of discussing either the quantum
paradoxes or the concept of information for physics. On
pages 13 and 15 of Physics Today (February 1999) Anton
Zeilinger cautiously observes that ``after the success in
demonstrating the entanglement, it will not be a big
paradox if it turns out that quantum mechanics is about
information'', but is cut short by Goldstein: ``does Zeilinger
truly believe that information can simply and generally exist
just by itself? Ð it always is about concrete things and
events... Ð this is why it is interesting at all''. So what is the
quality and quantity of the determining information
available in Nature?

The appeal to the multiplicity of parallel worlds
constructed by the consciousness Ð which essentially is a
turn to the philosophy of solipsism, presented in the review
of M B Menski|̄ [1], might well be regarded as an indication
that the situation is desperate. If we look at the role of
`God' from the cybernetical standpoint, however, we must
admit that God will hardly take care of each of the
alternative fates of all microsystems. As my contribution
to the `brainstorming' started by Uspekhi Fizicheskikh Nauk
[Physics ± Uspekhi] journal, allow me to share my con-
jectures about the form of presentation of quantum
information.

We are living through the crisis of revision of QM from a
mechanical machine to an information-cyberneticmachine. If
there is enough determinism in quantum mechanics to make
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feasible a `quantum computer', then nothing prevents us from
seeing the entire world as a quantum computer that calculates
its own destiny as well as our fortunes. Regarding the role of
consciousness of `virtual little men' that try to guess how it
works, the living brain seems to be made `in the image and
likeness' of inorganic nature Ð like a `holographic computer'
[11].

The existence of entanglement has been proved Ð EPR
linkage that `telepathically', across distance, limits the free-
dom of remote particles by `mutual obligations', and such
links essentially play the role of `hidden parameters'. This
means that the physical world is saturated with these links to
some extent Ð but actually to what extent? Today it is still
possible to express extreme views on this subject. As reason-
ably noted by M B Menski|̄, one has to be ready that all this
may turn out not to be physics after all. Here we encounter a
fundamental methodological difficulty: by definition, physics
deals with the universal prediction of outcomes of experi-
ments for all kinds of observersÐ that is, physics is concerned
with the invariants of the Poincare group and the group of
internal charge symmetry, postulated by `democratic princi-
ples' Ð the homogeneity of space and physics for all
observers. Now the invariants of groups of physical symme-
tries are formulated with an accuracy not better than the
amplitudes in the language of the functional of quantum
states. At the same time, the individual history does not find
its way into the quantum description. Matter itself, however,
is an asymmetry in the symmetrical `physical vacuum'. Then
the vacuum, by the arrogant definition of physicists, renders
itself to a trivial transform, while the ``elementary particle is
an irreducible transform of the PoincareÂ group'' (up to a
curved space, in which it is not known how to construct these
transforms). Experience makes us admit that the maximum
information for a physicist is the wave function, and that the
wave function characterizes the method of preparation of a
quantum ensemble Ð roughly speaking, it is a sequence of
filters (made up of collimators and monochromators), after
which the physicist considers identical the states of studied
microsystems Ð but in no way are the individual micro-
particles or microsystems identical, because these filters are
totally insensitive to the heritage of quantum histories of each
particle in its individual EPR links.

The recognition of these individual links literally ruins all
`democratic' principles of physics Ð homogeneity and
isotropy together with microscopic causality together with
the equivalence of the observers. ``Gentlemen, this is not
physics after all'', Ð argued the fathers of quantum
mechanics, saying goodbye to determinism. Now is the time
to part with indeterminism.

Since ``God does not play dice'', we should find out what
information he has for consideration Ð that is, what is the
quantity of information and how it is represented. `God' for
us is not that omnipotent moper, but the natural mechanism
that defines the fates of physical processes, and information is
not the `Holy Spirit', but something comprehensible for
theoretical physics.

In contrast to `reality given to us through sensations', the
presentation of information to `god' we shall call `actuality',
assuming that the definitive invariant will be not the
Minkowski interval, but the action which has Planck's
natural measure. Planck's constant is not just a parameter
for drawing a distinction between quantum and classical
mechanics Ð it is a universal measure that answers for the
distinguishability of physical states, or the natural measure of

information. This role of Planck's constant became clear in
the 1930s, when it was used for defining the entropy of an
ideal gas.

Filling for once god's shoes, we come to the `indetermin-
ism' of quantum mechanics from the back door Ð through
the negation of quantum stochasticity. If ``God does not play
dice'', then he can only cope with finite information, and this
is the reason why classical mechanics is too much for him.
Quantum `uncertainty', on the other hand, offers the greatest
`certainty' in the sense of the `holographic principle' 1,
according to which the amount of physical information
available to `god' in our world should have an invariantly
defined quantitative measure (`on a spacelike 3-surface'),
which is conserved with time from `3-layer to 3-layer'.

The role of `god' becomes conceivable or calculable only if
the entire information contained in the physical world is finite,
because its carrier Ð the physical world (regarded for its
definitive information as both the carrier and the channel) Ð
has a limited capacity and throughput, which for any kind of
carrier is limited by the classical Liouville measure of the
available phase volume measured in quanta of action Ð
Planck's constant raised to the power of the number of
degrees of freedom. This volume increases with the energy
and the 3-volume. Their resources in the observable Universe
are limited. The limit of the amount of information
transmitted by a physical system is the identification of the
most pure state of the system, if the entire final list of its
possible states is known.

All arguments about the finiteness of the total measure
of information are in contradiction with the abstract
quantum mechanics: after all, a simple system, such as the
hydrogen atom, seems to have a countable number of
distinct quantum states, while a `boundless field' has a
continuum of such. Nature, however, has set many limits
to their availability, since a spatial continuum is an obvious
mathematical artifact.

How can we discuss the spatial relationships of points in
space without specifying the method for observing these
relationships? A material point has long fell victim to
quantum mechanics and (together with the `world line') has
been replaced by the vague `wave packet'. In fact, the point is
abandoned, the world line too, but the continuous space of
events, described by the real 4-continuum, has stayed and
remains the basis of the contemporary `standard model' Ð
locally Ð the micro-causal quantum field theory with its
intermediate regularizations and final renormalizations. In
the conventional quantum field theory the properties of
geometric space enter the path integrals only through the
specific form of the propagator. In the formal construction of
field theory via the generating functionals, the form of the
propagator can be left open up to the end Ð rather, one can
try to extract the geometry of space in the form of a Green
function from the properties of the graph of real relations as
the parameter of order. Averages over the graph correspond
to Green functions. The graph itself, however, it not too clear
for mathematicians Ð homologies with cohomologies are
synthesized without defining a smooth manifold, on which

1This principle initially emerged with the lower limit of entropy in black

holes [9], but later, after the `third superstring revolution', attempts have

beenmade to extend it to our visible world (see Ref. [10]). The visible world

is regarded as a closed system, rather than an open system, in contact with

a heat buffer, like in the conventional treatment of information and

entropy [11].
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they would have been put in correspondence with chains and
differential forms.

Geometry pretends that nothing has happened, and only
admits its absurdity on Planck's scale. We are skeptical about
the poetic image of boiling vacuum from the geometro-
dynamics of Wheeler, pending the discovery of gravitational
waves or Higgs bosons. And if they are not discovered, like
the absolute motion with respect to the ether, then it means
that the phantom of ether (a continuous physical field as the
continuous function of exactly defined space) has once again
played a trick on physicists, like it had done before the
Michelson ±Morley experiments.

Observe that the metric tensor is seconded by the
Lagrangian of the free field of particles: the wave function
precisely ticks off the invariant world interval with its periods.
``A straight line is a beam of light'', only the beam is real, and
in place of points we have `sources' and `detectors'. The world
interval has swollen and dissolves in Feynman's integral. It
would be good to abandon the spatial relations between the
points of emptiness in favor of relations between material
particles. Judge for yourself. Both the particles and the events
are tied to points only by the amplitude of the wave function
in our `theater or shadows' ÐMinkowski's `space of events',
while theWF represents the ensemble. Because the quantum is
unique and indivisible, this amplitude can be attributed by
our `defense' not to the particle but to the space, so that at the
final triumph of justice at our `court of law' the guilt for the
unruly wave behavior would be shared equally between the
particle and the space. In the spirit of relativity we say, ``One
cannot see without photons. Nor touch''. It would be fair also
to split between them the responsibility for the wave behavior
not appropriate for the particle. Indeed, in case of collective
behavior (for example, in a laser medium, the atom cannot be
caught red-handed emitting the photon, and therefore the
question of where and when the photon emission took place
does not make sense. The world of quasi-particles is
equivalent to the world of particles, and obeys the same laws
with the same Planck's constant. Themetric relations between
points of empty space are replaced by dynamic distances in
terms of action between the states of particles themselves,
which are not necessarily localized at particular points in
space. Elementary particles, if we look at them from the side
of asymmetries that carry information, are ideal `characters',
(anti)-commutational abstract symbols, quantum-identical
identifiers. Information is stored only in their arrangement
in the text of the `main book'. Needed: a natural way of
representation of EPR links. There is one clue: action is the
invariant metric between the states.

EPR links for conventional physics represent the laws of
conservation of the total integrals of motion of the
disintegrated system in the sums of these quantities over
the fragments Ð hence the correlations of momenta,
moments, positions relative to center of mass, etc. All
these correlations in a proper quantum mechanical fashion
are represented in Feynman diagrams and the correspond-
ing integrals: the integrals of `improper' processes away
from the `mass shell' Ð the classical path Ð are destroyed
through the interference of paths. At the same time, the
global Feynman integral over the entire Universe gives a
scattering matrix uniformly the same everywhere. How then
can the state of affairs in the world known to `god' be
represented?

The possibility of information interpretation of the
measure of volume of the functional space of states for

the Feynman integral seems to have been first indicated
by Hans Bremerman 2, who also pointed out the possibi-
lity of interpreting the renormalizations (division by the
vacuum bubble) as `subtraction of the infinite a priori
information'.

The sought measure of information should obviously
correspond to some nonequilibrium extension of the Helm-
holtz free energy, which apparently can be made through the
integral with respect to `Euclidean' `tunnel' paths in the
spacelike cross section of the space of events. While in
conventional statistical mechanics the equilibrium statistical
path integral is taken between all periodic field configurations
with the imaginary-time period equal to the inverse tempera-
ture [15], which is what corresponds to the state of
equilibrium, in the calculation of the statistical sum of
distinct states of the `living' world and the measure of
information contained therein, the sum of paths must be
calculated not over all possible field configurations, but
rather with respect to the concrete relations between the
`particles of matter', expressed in the actions of transitions
between them. This generates a graph of (binary?) relations,
which must be interpreted not as the combinatorial limit, but
as a particular realization of Feynman's graph, solidified by
fate. The prototype of this measure of information in the
existing quantum field theory may be the logarithm of
Feynman's integral (or, to be more precise, finite sum) of
`interaction' of all existing particles over the Euclidean space.
The `improbabilities' of current global states of the system
that determine the information value may be defined (like in
the theory of reliability) through the determinants of the
matrix of intensities of transitions between its global states
(with negative values for self-transitions on the main diag-
onal), if we replace the row and column for the selected state
with unities, replace the probabilities with the real exponen-
tials of action, and divide this partial determinant by the
global determinant of the general normalization matrix. This
is the analog of the major sum over states and the vacuum
normalizing `bubble' from the fermion and boson determi-
nants of the field theoryÐnot over all combinatorial vacuum
diagrams, but over the actual reality. ``Vacuum is the world''.
``Know vacuum Ð know theory''. The major statistical sum
ought to be regarded a naturally finite and preset quantity,
and this sum is expressed in terms of action. Evolution takes
the path of conservation of information, which should be
equivalent to the principle of least action. There is the
possibility of describing phase transitions upon cooling as
storage of `memory' with `file compression', which frees the
memory cells. Hence the `time arrow', and such strange
phenomena of physical world as biology with intelligence on
top.

If the characters in the `main book' are elements of the
uniform space (in which some unified group acts transi-
tively), then the elementary symbol reduces to Boolean
unity, which marks the presence of something. All informa-
tion predicates will reduce to the position of the symbol in
the `main book', the position being characterized only by
the number of (half)-steps of action between symbols (recall
the discreteness of the observed quantum states of compact
systems). The symbols are arranged not in a line, like the
binary code of a Turing machine, but in the nodes of a
multiply connected graph. In other words, the `beads on

2At the end of the appendix ``Analytical representations, products of

distributions'' in book [12].
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god's abacus' are not strung on a single rod, but are pierced
by many entangled strings.

Ergo:
1. ``God does not play dice'', but only possesses finite

information.
2. The `Holographic principle' Ð all physical information

in the causality-connected world has a finite measure and is
conserved according to this measure.

3. Information is most likely available to god as a graph
(matrix) of `real' distances (relations) between elementary
identifiers, or between distinct states of the world as a
whole. The measure of action with respect to path is
responsible for the distinction of states. This picture is
compatible with Feynman diagrams, because probabilities,
amplitudes and representations of Lee groups are all
exponentials of action, while information is linked with
action directly after taking the logarithm of these exponen-
tials. In order to make information finite without the
arbitrary component, one should try using a particular
(half)-integer action.

In support we give an amorphous list of references which
contain not too transparent analogies [11 ± 14]. The transfor-
mation of a pure state into a density matrix in the measure-
ment procedure is described by Zurek in Ref. [5], and
presented in Ref. [6]. The conclusion of conservation of
information follows if every time both the measuring device
and the observer are included in the closed physical system
concealed within the general unitary evolution operator Ð it
is important that the information should not be pulled out or
pushed in. The ways of a quantum system are inscrutable Ð
God cannot gainmore knowledge (after all, we also are in His
hands).
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On the problem of selection
of an alternative in quantum measurement

A D Panov

Two new closely related directions in quantum theory are
currently actively being developed: quantum informatics
and the theory of decoherence. A number of basic notions
pertaining to this domain may be regarded today as well
established. A sufficiently popular introduction without
unnecessary simplification is given in the first three
sections of the paper by M B Menski|̄ [1]. The fourth
section deals with the role of the observer's consciousness
in quantum measurement, and in our opinion is rather
controversial.

The problem as we see it is the following. One can
attempt to describe the process of measurement solely on
the basis of unitary evolution in accordance with the
SchroÈ dinger equation, as first proposed by Everett [2].
Consistent application of the SchroÈ dinger equation to a
closed system that includes the studied microscopic object
and its macroscopic environment (equipment, etc.) leads to
a superposition of macroscopically distinct states describing
the alternative outcomes of the measurement. The learned
author notes that such a description does not provide for
the mechanism of selection of any one alternative. Since in
a real experiment the observer will only deal with a single
alternative, such description of measurement is viewed as
incomplete: it lacks the mechanism of selection of the
alternative. Further on, the author claims that a theory
that would describe such a mechanism must necessarily
involve the consciousness, and proposes including the
consciousness into the theory as the element that would
logically complete the quantum description of measure-
ment. Consciousness is charged with the function of
selection of one of the alternatives from the coherent
superposition of various possible outcomes of measure-
ment, thus reconciling theoretical predictions and experi-
mental results. As far as we understand, this implies that
the consciousness is factored out from the framework of
dynamic description, and appears as an explicit metatheore-
tical element for interpretation of the theory. There exists,
however, a different view on the role and place of
consciousness in quantum measurement, and fully
acknowledging the importance of this issue we feel obliged
to present it in this letter.

There are a number of works that give a consistent
quantum treatment of the selection of an alternative by the
consciousness of the observer in a quantum measurement.
For example, the pivotal issue in the classical work of Everett
[2] is the express inclusion of consciousness into the quantum
description. Moreover, Everett maintains that such a descrip-
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tion predicts that the consciousness of the observer must
perform the selection of one alternative. The contemporary
view of this topic can be found in the paper by Zeh [3] (see also
the references therein). Let us show how the selection of the
alternative by consciousness in quantummeasurement can be
described strictly within the framework of unitary quantum
evolution.

Consider a system consisting of the following four parts: S
Ð the measured microsystem; D Ð the measuring device
(which may also include all communication channels as
necessary for conveying the information to the observer's
consciousness); M Ð the consciousness or mind of the
observer; and E Ð the macroscopic environment (which
may include an arbitrarily large fragment of the Universe,
but not the entire remaining Universe). We assume that the
composite system U � S
D
M
 E is isolated and per-
forms unitary evolution in time. Let the initial state of the
system S before the measurement be

jC0i � �ajSai � bjSbi�jD0ijM0ijE0i ;

where jD0i, jM0i, jE0i are the states of the device, conscious-
ness and environment before the measurement, and the states
of the microsystem jSai and jSbi are mutually orthogonal.
For the sake of simplicity we assume that the microsystem
only interacts with the device, the device interacts only with
the observer's consciousness, and the observer's conscious-
ness interacts with the environment. We also assume that all
the interactions work as nondestructive (nondemolishing)
measurements.

The process of measurement can be represented as three
consecutive steps. The first step is the interaction of the
microsystem with the device, which leads to a correlation
between the reading of the instrument and the state of the
microsystem:

�ajSai � bjSbi�jD0ijM0ijE0i
! �ajSaijDai � bjSbijDbi�jM0ijE0i : �1�

Here jDai and jDbi are the readings of the device correspond-
ing to states jSai and jSbi of themicrosystem. The second step
is the interaction of the device with the observer's conscious-
ness, which leads to a correlation of the state of consciousness
and the reading:

�ajSaijDai � bjSbijDbi�jM0ijE0i

! �ajSaijDaijMai � bjSbijDbijMbi�jE0i : �2�

The third step is the interaction of the observer's conscious-
ness with the environment, which leads to a correlation of the
state of consciousness and the environment:

�ajSaijDaijMai � bjSbijDbijMbi�jE0i

! �ajSaijDaijMaijEai � bjSbijDbijMbijEbi� : �3�

This step is important, because it is here that the classical
nature of consciousness is manifested. The state of conscious-
ness as a classical object will show rapid decoherence because
of interaction with the environment.

The observer will directly perceive only his own subjective
sensationsÐ that is, the state of his consciousness. Therefore,
the subjective sensations of the observer are defined by the

reduced density matrix of his consciousness, which follows
from the total function of state of the composite system after
averaging over the degrees of freedom that are external with
respect to consciousness. After Step (1) the state of conscious-
ness obviously remains the same as before. After Step (2) the
consciousness is no longer described by the unique vector of
state. Assuming that hDajDbi � 0 for the distinct macro-
states, from the right-hand side of Eqn (2) it is easy to find
the reduced density matrix of the observer's consciousness:

r�2�M � jaj2jMaihMaj � jbj2jMbihMbj : �4�

The state of consciousness exhibits decoherence because of
the correlations between the states of the instrument and the
states of the consciousness. Assuming that hEajEbi � 0, from
the right-hand of Eqn (3) it is easy to find the state of
consciousness after the third step of evolution; it is easy to
prove that r�3�M � r�2�M . Step (3) does not change anything in
the consciousness of the observer Ð all important changes
have already occurred in Step (2).

The state of consciousness (4) must be interpreted as
follows. Since jMai and jMbi are classical macrostates, State
(4) is a completely decoherent classical distribution of
probabilities, like r�p; q� in statistical mechanics. This in its
turn implies firstly that the system M occurs in one and only
one of the two classical states, and secondly that the
probabilities of coming to these states are, respectively, jaj2
and jbj2, as predicted by the projection postulate. Just as in
statistical mechanics there is no problem of selection of one of
the classical states �p; q� for the state defined by the
distribution r�p; q�, here we have no problem of selection of
the state of consciousness. The observer perceives himself in
one of the classical states: either jMai or jMbiÐ that is, the
choice has been made. The existence of the distribution
function only means that it is not possible to say in advance
in which state the consciousness is going to end. Moreover,
following Everett onemay state that the formalism predictsÐ
at the moment of nascency of correlations of the states of
instrument and consciousness the observer subjectively per-
forms the selection of the alternative. Observe that the exact
SchroÈ dinger equation gives a nonselective description of
evolution, so one cannot demand a more detailed description
of the selection of one of the alternatives: there simply is no
appropriate language for that.

In this way, the selection of the observer is completely
described within the framework of unitary evolution. In spite
of the fact that the entire composite system U performs
unitary evolution and does not take any choices, the
consciousness of the observer does make a choice, and the
mechanism of making such choice is described expressly.

It may seem that this approach may lead to the final
solution of the problem of quantum measurement. In our
opinion, however, this is not the case. The solution of the
problem of measurement is indeed given within the frame-
work of the above model, but the model itself is in certain
respects not consistent. We regarded the composite system U
as an isolated system that performs unitary evolution, which
actually cannot be even approximately true for amacroscopic
system of this type. The environment E, being macroscopic
and classical, will exhibit very rapid decoherence through
interaction with its `greater environment', which will lead to
decoherence of the entire state of the composite system U. So
we have to admit that systemU is essentially open and cannot
exhibit unitary evolution.
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We can try to improve this model, announcing formally
that the environmentE is the entire remainingUniverse. Then
system U becomes closed, because the Universe has no
`greater environment'. This, however, is not possible for the
following reason. If we assume that system E is the rest of the
Universe, then system U is the entire Universe. It is well
known, however, that for the exact quantum state of the
Universe the concept of external time does not exist [4], and
the evolution of the quantum state ofUniverse is not a unitary
evolution in time. Hence, the unitary description of evolution
of system U as time evolution becomes impossible as well.

One can imagine two ways (two programs) for over-
coming this difficulty. One way �A� is the construction of a
consistently quantum description of the Universe together
with the explicit description of generation of internal
phenomenological time, indication of the explicit method
for describing the subsystems of the Universe, and indica-
tion of the method of linkage of these subsystems with the
internal time Ð which amounts to the construction of the
complete quantum cosmology. The other option �B� is the
phenomenological inclusion of the entire Universe that is
external to the composite quantum system U under
consideration Ð using the spontaneous reduction of the
wave function, or positive definite operators, or restricted
path integral, or some other way. Option �A� seems to be
the most consistent; today, however, it is not yet clear
whether this program is feasible even in principle. Option
�B�, as noted by the learned author of Ref. [1], does not lead
to logical quandaries or paradoxes. In our opinion,
however, it may cause some discontent because, along with
the SchroÈ dinger equation, the theory also involves some
phenomenology, which is as important as the dynamic laws
themselves. This phenomenology is fundamental in the
sense that it has to be considered irreducible to any other
principle (unlike, for example, thermodynamics, which can
be derived from statistical physics). It should have been
derivable from quantum cosmology, but option �B� leaves
quantum cosmology far beyond the scope of the theory. The
problem is further aggravated [and we see this as a logical
stumbling block for program �B�] by the fact that such
phenomenology can be introduced in different ways, and
the equivalence of these ways has not been proved. In our
opinion, the problem of quantum measurement essentially
consists in the following dilemma: either the quantum
theory of measurements is in fact quantum cosmology, or
it involves an essential and not quite unambiguous phenom-
enology.

We have demonstrated that the dynamic description of
selection of one alternative by the consciousness is possible
within the framework of the unitary model described above.
Although this model, as duly noted, is open to criticism, we
believe that the feasibility of such a description is an
indication that the consciousness of the observer should not
be off handedly disregarded in the unitary quantum
dynamics, and the principle of psychophysical parallelism
on the quantum level cannot be written off.
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Theory of measurements
and the collapse of the wave function

G B Lesovik

Usp. Fiz. Nauk 170 (6) 631 (2000) [Phys. Usp. 43 585 (2000)]
carried an interesting paper by M B Menski|̄ who touches
upon some issues related to the theory of measurement in
quantum mechanics Ð in particular, the possible interpreta-
tion of the function of consciousness in terms of quantum
measurements.

I appreciate the very fact of preparation and publication
of this article as a very important and welcome event. As
noted in the editor's preface to the paper by M B Menski|̄
(further on referred to as MBM for short), there has been
almost no discussion of philosophical issues related to the
theory of measurement in the Soviet (as well as in the
Russian) scientific literature. This extreme pragmatism of
the Soviet (and now Russian) school of theoretical physics,
possibly induced by the many decades of ideological
pressure, persists unfortunately to this day. Limitations on
the freedom of thought always bears negative results. One
illustration of this rule is the fact that the Russian
theoretical guild (which has produced prominent schools
of theoretical physics and mathematics) lags behind in the
domain of ideology (algorithms etc.) of quantum compu-
ters. One may find some consolation only in the fact that we
are somewhat better with applied ideas (for example, with
the ideas how to design the `hardware' for quantum
computers).

Going back now to the content of the paper of MBM, I
would like to touch upon certain issues on which I do not
quite agree with MBM.

Essentially, this letter deals with the following. I present
(quite concisely) my view of the theory of measurement
(which is a verifiable hypothesis), which holds that quantum
theory is a complete theory, and is capable (in principle) of
giving a complete description of the interaction of `quantum'
objects with `classical' ones, the `reduction (collapse) of the
wave packet', etc. The source of `probability', inherent in
quantum mechanics in the standard interpretation, is
assumed to be the detector, which may be regarded as a
reservoir with special properties (for details see below). In our
treatment, it is the degrees of freedom of the reservoir that act
as Bohm's hidden variables.

Thus, the selection of an alternative resulting from a
quantum measurement is accomplished by the reservoir. As
a matter of fact, we hold that the quantum probability is of
the same nature as the classical probability associated, for
example, with flipping a coin. In the classical case, the
measure of the space of initial states leading to the coin
landing on its edge is negligibly small; accordingly, in the
quantum case this should correspond to the negligibly small
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measure of the initial states leading to a state of the type of
`SchroÈ dinger's cat' Ð the superposition of macroscopically
distinct states. Observe that Everett's many-worlds inter-
pretation (supported by M B Menski|̄), assumes the
opposite Ð namely, that the initial states leading to
superpositions of different macroscopic states, are typical.
This assumption can be verified in the framework of the
existing quantum theory by very concrete calculations using
standard methods (see below). Such verification seems
today quite feasible although technically not quite trivial,
and this issue will hopefully be resolved in the near future.
As a matter of fact, one of the purposes of this letter is to
give a clear formulation of what quantities need to be
calculated to come to a comprehensive and unambiguous
settlement of the issue of measurements in quantum
mechanics. Such formulations are proposed at the end of
this letter; at this point I am going to share some
considerations that go beyond the proper subject of physics
and are related to the problems associated with any attempt
to answer the technical question of the reduction of the
wave function in the framework of the existing quantum
theory.

Option 1. The collapse of the wave function is eventually
proved.

If we assume that my assumption is good and proved, and
the quantum theory is a complete and essentially determinis-
tic theory, we come to the situation of a hundred years ago or
earlier, when classical mechanics seemed to be a theoretically
and experimentally established theory giving a quite adequate
picture of the physical world. This brings us to the following
question. If contemporary physics is in principle capable of
describing the entire material world, including man and his
nervous system, the genetic mechanism, etc., then man's
psyche, `free will' and all man's performance in general are a
natural and unambiguous result of the unitary evolution of
our metagalaxy with the initial conditions of the `Big Bang',
slightly corrected perhaps for the existence of black holes.
This view will hardly find many advocates, and is certainly
not shared by the author of this letter. How can one reconcile
deterministic physics and, e.g., the subjective faculty of `free
will', and is this possible at all? The way out might consist in
introducing some new phenomenon, which is not yet present
in the quantum theory. Recall that oriental philosophy, in
addition to concepts of Consciousness and Matter, also has
the concept of Medium (Fohat), that is responsible for their
interaction. (According to the theosophy of Madame Bla-
vatsky, Fohat, the ``dynamic energy of Cosmic Ideation'', is
``...the bridge by which Ideas existing in the Divine Thought
are impressed on Cosmic Substance as the `laws of Nature'.''
Ð Translator's Note). However transcendental this might be,
there should exist some experimentally measurable effect Ð
for example, an inherent slight decoherence. Ideas of this sort
were discussed, for instance, by B B Kadomtsev, who
introduced the concept of external noise as the source of
decoherence. Roger Penrose in his book Shadows of the Mind
(Oxford University Press, 1994) refers to such a presumed
phenomenon as `Factor X'. The opinion of the author of this
letter differs from the views of these renowned physicists only
in that the existence of such a phenomenon does not follow
from the existing theory and is not necessary for resolving the
issues of the theory of measurement [according to Assump-
tion (1) above].

In any case, if such external noise does exist, it can be
described quantitatively on the basis of experimental data.

The practical construction of sufficiently large devices that
undergo unitary evolution for a long enough time (quantum
computers) will hopefully answer to what extent the
evolution of a known and completely described (from the
standpoint of contemporary physics) physical system can be
unitary.

In all likelihood, the effect of `external noise' is so weak
that it will hardly be noticed against the background of the
ordinary known causes of phase shift. The final answer,
however, will be given by the experiment.

Option 2.Collapse of the wave function cannot be proved.
The selection of an alternative which arises as a result of

quantum measurement is a key issue of concern for many
physicists. Einstein was especially outspoken on this matter.
If we assume that such a selection takes place in a purely
mystical way, so that the mechanism of selection is not found
in any other department of physics (which is how it seems to
be in the standard interpretation), then it would be quite
natural to believe (seeMBMandRPenrose), that at this point
physics naturally borders on issues that are beyond its scope
Ð such as the question of the nature of consciousness. This
would be exactly the case if the technical demonstration of the
reduction of wave packet had not simply failed, but had
proved the impossibility of this in the framework of the
existing theory.

Nevertheless, without denying such a possibility in
principle, we would like to note that this would be a rather
strange situation if the main mechanism of such a phenom-
enon tacitly appears as the main and only reason for
reduction of wave packets with an unpredictable outcome,
but otherwise is not manifested in any way, does not render
itself to quantitative measurement, etc. More reasonable
would be a mechanism well described by physics Ð at least
experimental physics (see above).

Let us now discuss in greater detail the problem of
theoretical (technical) demonstration of the possible reduc-
tion of a wave packet. Observe first of all that if the reduction
of a wave packet can be technically demonstrated as the result
of unitary evolution of the system of particle� reservoir
under the given state of the system, then the result is unique,
because the selected alternative becomes obvious from the
form of the final wave function. This problem, however, is not
that simple. As a matter of fact, one has to determine the
result of measurement as a function of the infinite number of
variables describing the detector (the reservoir). It is rather
obvious that it is only the infinite number of variables that is
available, for example, in spatially unlimited reservoir with
soft modes (like photons) that can provide for reduction of
the wave packet. Because of this, numerical calculation can
only give some indication of the trend (which is also quite
helpful).

Another method would consist in the calculation of
variables averaged over the state of the reservoir. Let us
consider this option using the exemplary problem of a particle
in a double-well potential linked with some kind of reservoir.
This problem has been studied by many authors and turned
out to be a good model for processes of decoherence in
physical realizations of quantum bits (qubits). Being well
studied, this model can help to resolve our issue of concern,
since for certain conditions imposed on the reservoir it can
serve as a model of a detector.

The analysis is usually concerned with the difference of
probabilities of the particle occurring in the left-hand or
right-hand pit P�t� � PL�t� ÿ PR�t�, averaged over the state
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of the reservoir. The study of such a quantity alone,
however, is not sufficient for our purposes. For example, it
can vanish at infinity in different ways. One can imagine
that, depending on the state of reservoir, we have either
PL�1� � 1 or PR�1� � 1, as we have assumed. It is also
possible however, that PL�R��1� � 1=2, or that the prob-
abilities obey some distribution function, and the end states
are states of the type of SchroÈ dinger's cat Ð that is,
coherent superpositions of the `right-hand' and `left-hand'
states. Therefore, it would be interesting to study, for
example, the variable

M � PL�t�PR�t� ; �1�

averaged over the states of the reservoir. Such a quantity will
vanish when and only when the states of the type of
SchroÈ dinger's cat are excluded (or the measure of such states
normalized to the total measure vanishes).

Now let us give an additional and perhaps somewhat
unexpected argument in favor of the assumption that it is the
reservoir that answers for the outcome of measurement. If we
assume that the outcome of measurement depends not only
on the wave function of the particle, but also on the state of
the reservoir, then it would be natural to expect that such an
effect would reduce the precision of the rule of the `square of
the wave function', which would then be a law only in the
idealized situation.

This is actually the case, and this phenomenon is known as
flicker noise, sometimes also called 1=f noise according to the
shape of its frequency spectrum. This noise appears in all
nonequilibrium processes, and the process of consecutive
preparation and subsequent detection of a large number of
particles in one of the states is an example of a nonequilibrium
process. The more or less commonly accepted explanation of
flicker noise is the following. Any system, apart from the
detected particles (for example, electrons in a conductor), also
contains a large number of other degrees of freedom
(phonons, photons, impurities) that interact with these
particles. These degrees of freedom are responsible for such
flickering, which also occurs on a very large time scale. As a
result, the attempt to continue the measurement as long as
possible in order to gain in accuracy fails, because the error of
measurement accumulates with time as dN / t (the time
exponent will differ from one if the spectral density is other
than 1=f ). Of course, not all degrees of freedom that
contribute to flicker noise are important for the reduction of
wave packet, but the degrees of freedomof the detector (or the
reservoir responsible for the reduction of wave packet) will
inevitably contribute to the noise.

Let us now discuss another difficult issue of the theory
of measurements: the rate of reduction of wave packet.
This problem is especially clear in the Einstein ± Podolsky ±
Rosen (EPR) experiment. From the theoretical standpoint,
a similar problem arises in the description of the conven-
tional measurement of the position of one particle. Indeed,
in this case, having registered the particle at one point, we
can be sure that it will not be registered at other points Ð
again we are dealing with the nonlocal change of the a
priori probabilities. In both cases, if we assume that the
time taken by the measurement is finite and does not
depend on the form of wave packets, we have to accept
that the reduction of wave packet (the localization of wave
function) occurs faster than the speed of light. Generally
speaking, this circumstance does not contradict the relati-

vistic invariance, and does not provide for transmission of
information faster than light (this has been discussed by
many authors).

Nevertheless, in this issue as well it is necessary to
demonstrate technically how it happens. By analogy with
Eqn (1), we should analyze the two-time correlator

hPL�t�PR�t� t�i : �2�

Qualitatively, the reduction of the wave packet can be
interpreted as a process of tunneling. Such an analogy is
especially apt, for example, in the case of splitting of a wave
packet falling through a one-dimensional conductor onto a
junction with two others (Y-shape junction). Assume that
the transmitted particle can be detected in one of the
conductors by detectors located far from the junction.
After registration by one of the detectors, a registration in
the other arm can only occur as a fault. In the process of
entanglement of the degrees of freedom of the first detector
with the degrees of freedom of the particle, the wave packet
located near the second detector ought to decrease in
magnitude and probably lose its shape. Nevertheless, such
deformation cannot lead to the literal pulling (movement) of
this wave packet towards the first one Ð this would be
contrary to the dynamics of propagation and the probabil-
ities of detection calculated in the standard way. So we have
to assume that we are dealing with a process like tunneling,
whereby the wave packet (from the channel with the
detector that did not fire) does not appear in any
intermediate position, but simply disappears (over a finite
time).

To end, let us emphasize the main theme of this letter.
Many complicated issues in the theory of measurement in
quantum mechanics can be translated from the level of
speculations and credos to the level of concrete theoretical
and experimental verification of assumptions, hypotheses
and theories. The formulation of such verifiable hypotheses
is a step forward, and some of them have been presented
above.

In particular, we proposed that:
(a) the reservoir is the source of quantum mechanical

probability, and there is a direct analogy between classical
and quantum `random' processes;

(b) the degrees of freedom of the detector act as `hidden
variables';

(c) flicker noise may be regarded as evidence of the
definitive role of the reservoir for all types of noise, including
the shot noise that is conventionally attributed (at low
temperatures) to `quantum mechanical stochasticity';

(d) quantum mechanics is local in the sense that all its
fundamental laws are local, while the `nonlocality' related to
the faster-than-light reduction of wave packet is an effect
(similar to tunneling) that follows from these local and
Lorentz-invariant laws (equations);

(e) there must exist some experimentally detectable
phenomenon (Penrose's X-factor, or Kadomtsev's external
noise) that points to the inevitable nonunitarity of evolution
of quantum system.

If these hypotheses (a) ± (d) are true, then the existence
of such phenomenon does not follow from the theory, and
the only argument in favor of its existence is one's
confidence that the Universe together with humankind is
not a `quantum computer' with a strictly predetermined
behavior.
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Implicative logical nature
of quantum correlations

I Z Tsekhmistro

The well-knownmysteries of quantummechanics come down
to two questions: (1) why the probabilities are primal in the
description of physical reality, and (2) why these probabilities
in the so-called pure quantum state are marvelously corre-
lated, as confirmed by EPR experiments.

Evidently, there are no separate answers to these ques-
tions, because as soon as we know the nature of quantum
probabilities we should know also the nature of their
correlation. Both ends can be achieved by the trusted method
of extending the general relativistic approach in physics to the
ultimately general concepts of an `element' and `set'.
Relativization of the concepts of `element' and `set' means
that the world exists as an indivisible wholeness rather than as
a set (of some elements) 1. This is precisely in line with the
quantum picture of the world. Since quantum systems in the
so-called pure state cannot be completely expanded into sets
of elements, we have to describe them in terms of the potential
possibilities of extraction of such elements, and in terms of the
corresponding probabilities that represent the objective real
structure of quantum systems.

On the other hand, this quantum property of the world as
an indivisible wholeness is responsible for the implicative
logical properties of the structure of the potential possibilities
of the quantum system, which has been rigorously confirmed
by quantum correlation experiments. Reduction of the wave
function and the quantum correlation effects are a trivial
consequence of the implicative logical organization of the
potential options in quantum systems. These effects depend on
relativism rather than on physical causality or materialism, and
are produced by the changes (resulting from measurement or
physical interaction) in the structure of relations of the
mutually complementary sides of reality. One of these sides
reflects the actually existing structure of the system as a real
(and physically verifiable) set, which only is relatively
selectable (relatively because the system is ultimately not
decomposable into elements and sets). The other side of the
system Ð which is no less real Ð expresses the sets of
potential options that are objectively available for the system
and are generated by the same property of non-decomposa-
bility of the system into elements and sets. This property of
ultimate non-decomposability of the system into elements

and sets represents the third and the most fundamental aspect
of physical reality Ð the quantum property of the world as
indivisible unity. It is this property that governs the world of
the potential options of the quantum system by the laws of
logical implication depending onwhat takes place in its actual
manifold configuration under the influence of measurement
(or physical interaction).

1. General relative approach
Simon Kochan [1] at the symposium on the foundations of
modern physics in Singapore suggested that the paradoxes of
quantum physics might be overcome through the general
relative approach that was used successfully for overcoming
the paradoxes of relativity (Lorentz contraction, etc.). It
would be interesting to compare the special theory of
relativity (STR) with quantum mechanics (QM) and see how
helpful the application of the general relative approach can be
in the problems of interpretation of quantum theory.

With this purpose, let us see what was needed in the
interpretation of special relativity to gain an understanding of
the kinematic nature of relativistic effects, and to remove the
apparent contradictions. At the same time, we shall keep on
looking for analogies in the foundations of quantum physics
that could throw new light on its paradoxes. It is well known
that even in the early years of his discussions with Einstein,
Bohr emphasized the analogies in these so different theories.

It will be worthwhile to start with the key issues in the
foundations of relativity.

In parallel, we shall address the foundations of quantum
mechanics and try to follow in detail the analogy between
STR andQMÐnoted by the classics of the new physicsÐon
every key point, establishing a correspondence between each
selected point in relativity and some issue in quantum
mechanics. Strikingly, with all the difference in the content
of these two fundamental theories of modern physics, we still
find wonderful similarities and analogies in their foundations
(Table 1). Looking at this table, we can make the following
preliminary conclusions:

1. Essentially all that we see in Nature is relations, and all
our knowledge eventually comes down to the knowledge of
relations. All kinds of `elements' and `objects' that we
introduce into the picture of the world are in the end certain
`nodes' in relations and on the network of relations. Or
otherwise, these elements or objects, initially introduced as
undefined, eventually find their definitions through the
totality of the associated relations (the idea of the bootstrap,
etc.). This is what the relation approach in physics is about.

2. The acceptance of quantum theory implies that the
world eventually exists as an indivisible wholeness, and not as
a set. This peculiar quantum property of the world as an
indivisible unity gives rise to the implicative structure of the
potential possibilities of quantum systems.

Without doubt, the proposed relation approach allows
one to see certain similarities and even analogies in the
foundations of relativity and quantum mechanics. At the
same time, there are of course considerable differences in the
foundations of these two branches of knowledge, that have to
be emphasized (Table 2).

2. The nature of probabilities in quantum mechanics
The specifics of QM deserve a special treatment: the actual
manifold and the potentially possible are two opposite
although complementary and inseparably bound sides of the
world. Hence the irremovable jumps and discontinuities in
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1 The term `wholeness' has becomeÂ a cliche, but its meaning in the

quantum context is very precise albeit somewhat unconventional: whole

as opposed to a set Ð that is, the ultimate unity that does not render itself

to decomposition into elements and subsets, which are thus not applicable

to its description. It is only this ultimate wholeness or unity that can be the

natural source of the property of inseparability of particles described by

the unified non-factorizable c-function.
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the transitions from one side to the other:
(a) the transition from the potentially possible to the

actual manifold is always a jump because the potential and
the real are opposites;

b) because of this, the physicist `tears apart' the c-
function in the act of reduction, but obviously only because
the needle of his instrument already points to the correspond-
ing jump (and discontinuity) in nature itself, in the state of the
system. Both this jump and its result are essentially and
irremovably probabilistic.

The main difference between QM and STR consists in the
fundamentally probabilistic behavior of quantum objects, in
the presence of irremovable sets of potential possibilities that
are contained in the structure of quantum system. Now what
is the objective source of quantum behavior of quantum
systems?

In principle, there are two ways of obtaining probabilistic
behavior for an object. The first is classical: we have a very
concrete individual object that behaves in a stochastic way - for
example, a die with six sides. We throw it a large enough

Table 1. Comparison between special relativity and quantum mechanics (similarities and analogies).

Special relativity Quantum mechanics

1. Formal source of the theory: introduction of the constant c as the speed
limit for the propagation of physical signals, which imposes certain
restrictions on measurements aimed at establishing space-time relation-
ships.

2. Rejection of absolute space and time

3. Relativization of concepts of `simultaneity', `length', `time' etc., based
on the acknowledgement of their operator nature and on account of the
énite speed of propagation of physical signals in the physical procedures
of their determination.

4. Introduction of a new invariant ì the four-interval in space-time.

5. The object of description in STR are the space-time relations on
manifolds of objects having a énite rest mass. The particular cross section
of space-time relations is determined by the selection of reference frame.

6. Upon transition from one reference frame to another, the relativistic
invariant ì the space-time four-interval ì acts as a certain `controlling
factor' which sets the exact relations between the different cross sections
and projections of the uniéed space-time depending on the selection of
reference frame.

7. As a result, the Lorentz transform of mechanical variables is a purely
kinematic effect, caused by the changes in the space-time relations due to

the transition from one frame to another.

1. Formal source of the theory: introduction of the constant h as the
smallest possible portion of action, which imposes certain restrictions on
physical operations aimed at establishing detailed states of physical
system.

2. Rejection of the universal and absolute nature of the concepts of a set
(and element) in the description of physical reality, because experimental
veriécation of these concepts is limited by the éniteness of h.

3. Relativization of concepts of `individual object', `element', `set of
elements' in the description of physical reality based on the acknowl-
edgement of their operator nature and on account of the éniteness of the
constant h in the physical procedures of their determination.

4. Introduction of Planck's cell hN (whereN is the number of dimensionsof
the system) as an absolute invariant in the phase space of the system.

5. The object of description in QM are sets of potential possibilities of the
system that arise because the system cannot be completely decomposed
into elements and sets. The particular combination of the potential
possibilities of the system is determined by its actual manifold structure
(deénite value of momentum, energy, total spin, coordinate or difference
of coordinates of particles comprising the system, etc.), which in its turn is
formed by the particular macroscopic conditions of the existence of the
system.

6. Upon transition from one actual manifold state of the system
(determined by the macroscopic conditions) to another as a result of
measurement or physical interaction, the cell hN, always remaining whole
and indivisible, acts as a `controlling parameter', which transforms sets of
potential possibilities in accordance with the changes that take place in the
actual manifold state of the system.

7. As a result, the reduction a the c-function and quantum correlation
effects are not physically causal and not even substantial in nature, but

purely relational: these effects are a natural consequence of changes in the

structure of relations of mutually complementary sides Ð the macrosco-

pically determined actualmanifold side and the inseparably connected and

well-defined system of potential possibilities, caused by the physical non-

feasibility of exhaustive decomposition of the system into elements and

sets.

Table 2. Comparison between special relativity and quantum mechanics (important differences).

Special relativity Quantum mechanics

1. Complete determinism

2. Continuous mathematical formalism and continuous transforms from
one frame to another: the velocity of framesmay vary continuously from 0
to c.

1. Fundamentally statistical nature

2. Irremovable mutual complementarity of the two sides in the state of the
quantum system:
(a) actual manifold side, determined by the macroscopic conditions and
physically veriéable;
(b) the set of potential possibilities in the structure of the quantum system,
corresponding to this manifold side and governed by the inherent
phenomenon of quantum wholeness, which is clearly and vividly mani-
fested in the reduction of wave function and quantum correlation effects.
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number of times, and obtain a certain distribution of
probabilities for each of the six possible outcomes, depend-
ing on the proper shape of the die, the position of its center of
mass, etc. This is the subject of the ordinary (Kolmogorov)
theory of probabilities. If we want to know the probability of
getting any one of two or more outcomes, we simply add the
individual probabilities, because they are the probabilities of
independent events.

Such an approach, however, does not work in the case of
quantum phenomena. It does not give an answer to the main
questions: why is it that the probabilities represented by thec-
function are, firstly, fundamentally irremovable, and sec-
ondly, interferable even when they are distributed over the
entire infinite space - that is, why they are concerted and
correlated, which is vividly manifested by the quantum
correlation effects. In other words, why is it that in quantum
mechanics we add amplitudes of probabilities rather than
probabilities themselves?

The second Ð truly quantumÐmethod for constructing
the probabilistic description is different in principle. If we
accept the thesis of the relativity and nonuniversality of the
concept of an element (or set) in the description of physical
reality, and the fundamental property of wholeness and non-
decomposability of the world into elements and sets, then we
do not have any die as a separate element (or event), even
behaving in a stochastic way. We only have certain possibi-
lities for selection (formation) in the experiment of one or
another quantity (characteristic of the object), but always
selected from the physical situation that is whole and
ultimately non-decomposable into elements and sets. This
particular quantity is revealed only through wiping out
(dissolution, vanishing) other canonically conjugated non-
commutating quantities. Thus, they never exist as jointly
defined quantities: there is no quantum object as a separate
and well-defined entity (like a die) Ð there are only
probabilities of formation of certain characteristics, gov-
erned by the particular macroscopic conditions. The prob-
abilities that arise here relate to the possibility of selection of
particular elements from the state that is whole and unified,
and not decomposable into elements, and so they are
naturally concerted and correlated by the mere fact that they
belong to this unified and indivisible whole state. This implies
that the interference of probabilities can only be observed
with the probabilities belonging to one and the same event, and
not for two different events occurring in two different
experiments, or different realizations of an event in the same
experiment.

Indeed, as predicted by the theory and demonstrated in
the experiment of R L Pfeegor and L Mandel [2], a photon
only interferes with itself, and never interferes with another
photon generated in another act of emission.

In this way, owing to the fundamental property of
wholeness and indivisibility (formally expressed by the cell
hN in the phase space of the system), a quantum system is not
a set (manifold) of certain entities, but a system of relations
between macroscopically defined (macroscopically deter-
mined) elements (for example, a certain value of momen-
tum, coordinate, total spin, etc.), andÐowing to the fact that
the system cannot be decomposed into elements and sets Ð
the state-specific sets of potential possibilities of selection
(definition) of the corresponding conjugated quantities
(elements). For example, a two-particle system with total
spin 0 will have certain combinations of potentially possible
values of spins of constituent particles, each of which in its

turn will appear as a superposition of probabilities of certain
values of spin projections on three mutually perpendicular
axes. It is important to note that the mutual complementarity
of the actualmanifold (but only relatively separable) side with
the corresponding set of potential possibilities is based on the
fundamental wholeness and ultimate indivisibility and non-
decomposability of a quantum system into any sets of
elements.

Finalizing the comparison of STR and QM, we may say
that all paradoxes of quantum physics call for the develop-
ment of the approach that was useful for resolving the
paradoxes of relativistic physics: as soon as it came across
that the relativistic effects are kinematic in nature, and
therefore arise from the changes in relations caused by the
transition from one frame to another, everything clicked into
place, and relativistic mechanics ceased to be `incomprehen-
sible'.

A similar step is required in the development of founda-
tions of quantum physics, with the important difference that
while relativistic mechanics deals with sets of space-time
relations that may be actually defined and jointly existing
(from the standpoint of actually selected and coexistent
reference frames), quantum mechanics describes mutual
relationships of worlds that are in a certain sense opposite
and complementary: the manifold world actually defined by
the physical conditions of observation (or measurement), and
Ð owing to its irreducibility to elements and sets Ð the
potentially possible and probabilistic world, which is insepar-
able from the former. All themysteries of quantummechanics
eventually come down to the relations between these two
worlds, or, to be more precise, between the two opposite sides
of one and the same unified world, which is ultimately
indivisible and not decomposable into separate sets.

The ultimately detailed (pure) state of the physical system
as defined by its c-function corresponds to a certain
configuration of its actual manifold aspect, defined by the
macroscopic conditions and represented by certain values of
the observables. It includes the superposition of its possible
states (or manifestations) in the world of elements and sets Ð
the so-called potential possibilities of a quantum system. Any
actually implemented changes in the real manifold aspect of
the system (for example, resulting from measurement,
physical interaction, etc.), which realize certain potential
possibilities of the initial state and create new values of the
observables, naturally create a new pattern of the mutual
relationship of the actual manifold aspect of the system and a
new set of potential possibilities corresponding to this new
state. This means that the old wave function has to be crossed
out and replaced with a new one corresponding to the new
value of the observable (or the new actualized observable).

From this standpoint, both the reduction of the wave
function and the quantum correlation effects are not physical
processes, but rather changes in the mutual relations between
the two sides in the states of physical systems: the actual
manifold (and physically verifiable) side, and, owing to the
incomplete decomposability of any physical state into sets
and elements, the set of potential possibilities of the system,
represented for each particular maximally detailed state by
the appropriate wave function. And nothing more than this.
We believe that this interpretation of the concept of whole-
ness in quantum mechanics will satisfy the most cool and
sound-minded physicist. The only thing that is needed is the
development of Bohr's phenomenological concept of whole-
ness to its logical end Ð to the rejection of the concept of a
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`set' in a situation where this concept objectively loses its
reasonable applicability.

Then the `act of viewing' by the observer and the
`comprehension' of reading of the instrument is only a way
in which the observer brings his knowledge about the state of
the system into conformity with the objective changes in the
structure of internal relations. The responsibility for the
reduction of potential possibilities and quantum correlation
effects in the system falls on the phenomenon of wholeness of
the system as the objective basis ofmutual linkage andmutual
correlation of the actualmanifold aspect of the system and the
corresponding set of potential possibilities in the system.

3. Quantum holism as the theory of implicative structures
of probabilities in quantum systems
The very feasibility of formulation of the famous Bell
inequalities that led to experimental verification of quantum
correlation effects implies that physical objects exist as real
elements and sets exist on their own. Accordingly, the
properties that enter Bell's inequalities characterize the
object by itself. In the set of such objects any linkage between
them is precluded, which is reflected in the properties of
`locality' and `separability' of sets of such objects. This means
that a system for which Bell's inequalities hold can and must
be exhaustively represented as an actual set of certain objects
or elements, which are characterized by the actual inherent
(immanent) properties.

Let us illustrate this point with an example of Bell's
inequality (see Ref. [3]). Assume that we have an object
characterized by three variables A, B, C, each of which takes
on the value of �1. If we assume that each particle exists as a
particular element of the set of such objects, then each particle
actually possesses quite definite one-time values of all three
parameters A, B, B. Let us denote the case when A � �1 by
A�, and the case when A � ÿ1 by Aÿ, and use the same
convention for B and C. Then for any ensemble of such
particles with arbitrary ABC we have

N�A�Bÿ� � N�A�BÿC�� �N�A�BÿCÿ� ;

where N is the number of particles with the appropriate
properties. Let us write out the other equations as well:

N�BÿC�� � N�A�BÿC�� �N�AÿBÿC�� ;
N�A�Cÿ� � N�A�B�Cÿ� �N�A�BÿCÿ� :

From the last two equations it obviously follows that

N�A�Bÿ�4N�BÿC�� �N�A�Cÿ� ;
which is one of Bell's inequalities. Let us once again
emphasize (this is clear from the above derivation of Bell's
inequality) that the very feasibility of their formulation
implies that the objects for which such inequalities hold exist
as quite definite elements that are actually defined and
actually characterized by these properties as such. In the sets
of such elements any kind of linkage or interdependence is
precluded. The algebra of observables with commutability is
exhaustively realized on such an abstract set of actually
defined and independent objects, which constitutes the
essence of the mathematical scheme of classical mechanics
(see Ref. [4]).

Instead of the quantities A, B, C one may speak of three
mutually perpendicular projections of spins of particles,
which for the photons assume the values of �1 or ÿ1. Now

one only needs a real experiment to verify these Bell's
inequalities against the actual distribution of values of spins
of photons resulting from the decay of some common
quantum state according to the scheme of the known EPR
experiment. Such experiments have been staged, and Bell's
inequalities were disproved! Thus, the experiment brings us
back to the view that the properties described by non-
commutating operators are relations to the instruments, and
do not exist `by themselves' [3].

Assume that we have a quantum system consisting of two
particles with total spin zero. The system occurs in the
ultimately detailed so-called pure quantum state, described
by the common wave function. Since the system cannot be
detailed further (that is, the system cannot be decomposed
into elements and sets), and exists as an indivisible whole, we
have to speak of the constituent particles in terms of
probabilities of their separation. This means that the
structure of the system in this state is formed by the sets of
potential possibilities of the states of its constituent particles.
None of these states is real, and at the same time each virtual
state contributes to the probabilistic structure of the total
system. Actually and eventually existent here are only the sets
of probabilities of separation of such entities as the first or the
second particle, but not the particles themselves.

The existence of the world not as a set, but as an ultimately
indivisible wholeness, is the most significant, most real and
most plausible objective fact. In a sense, this fact is the
expression of absolute reality.

Such wholeness is formally introduced in quantum
mechanics through Planck's constant h. For each physical
system this wholeness is manifested through the existence of
the indivisible cell hN in its phase space. Since the space of any
real physical experiment or measurement is always a
particular cross-section of the phase space, the existence of a
whole and indivisible cell hN in the phase space warrants the
impossibility of achieving exact and exhaustive results of any
physical measurement. The wholeness and ultimate non-
decomposability of a quantum system into elements and
sets, as determined by the cell hN, forces us to describe its
structure in terms of probabilities of decomposition of the
system into elements in the experiment.

Hence follows an important conclusion: probabilities are
primal (and non-removable) in observation. As a matter of
fact, however, these probabilities are secondary with respect
to the unobservable in principle and only logically compre-
hensible and absolutely objective phenomenon of wholeness,
because they originate from it (from the property of ultimate
non-decomposability of quantum systems into elements and
sets).

The fundamental property of the wholeness of quantum
reality, being the source of the potential possibilities of
quantum systems, at the same time ensures their mutual
consistency and correlation. The measurement of the spin
projection of one of the particles after the decay of the initial
system at the same time implies the transformation of the c-
function for the second particle into the state with the
appropriate (and strictly definite) anticipated result of
measurement of the similar spin projection of the second
particle, which follows from the initial value of total spin and
the spin projection for the first particle measured at the first
stage of the experiment.

This quantum correlation of the states of the particles
(demonstrated in the EPR experiment) is a trivial conse-
quence of the implicative logical organization of the prob-
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abilistic structure of the initial pure state of the primary total
system, which follows from the quantum property of whole-
ness and ultimate non-decomposability into sets of elements
of any kind. At the same time, these quantum correlations
that arise in response to our free choice in the measurement of
some observable or other, demonstrate the outstanding
controlling function of the phenomenon of wholeness of the
system. This indicates that even after the decay of the system
the particles are not absolutely separate from one another. On
the subquantum level both particles (separated from the
initial state) and the entire world together with them exist as
an indivisible unity 2.

For the sake of clarity, the arguments developed above
were based on the semiclassical approximation, relying on the
concepts of the phase space of the system and the cell hN in the
phase space. Today's mathematical formalisms of quantum
mechanics have gone far from these constructions. However,
our fundamental conclusions concerning the relativity of the
ultimately abstract concept of amanifold in the description of
quantum systems, the phenomenon of wholeness and the
ultimate non-decomposability of quantum systems into
elements and sets as the source of the irremovable probabil-
ities in their description remain completely valid, being totally
independent of the selection of the particular mathematical
scheme of quantum mechanics. The same equally applies to
the implicative logical organization of these probabilities in
pure quantum states and the consequent implicative logical
`mechanism' of the quantum correlation effects.

In the most general form, the mathematical scheme of
quantum mechanics can be represented as a physical realiza-
tion of one of the algebras with the property of noncommu-
tativity [4]. In this case, all the characteristic features of
quantum mechanics are naturally derived from just one
abstract property of noncommutativity of the observables
(and noncommutativity of the corresponding operators): the
primal and irremovable nature of probabilistic description of
the observables, the uncertainty relations, the discrete values
of the observables, the observables that are simultaneously
non-measurable and simultaneously have no definite values
(and hence the property of complementarity), and the like.
What is wonderful is that in this way we eventually derive a
certain constant whose value is found from experiment (and
which is Planck's constant!). In this very general algebraic
representation the mathematical scheme of quantum
mechanics differs from the mathematical scheme of classical
mechanics by one and only one feature Ð the property of
noncommutativity. Accordingly, one may say that in the
formal algebraic sense the entire specifics of quantum
mechanics consist in the property of noncommutativity.

Now what lies behind such very general property of
noncommutativity of certain elements: ABÿ BA 6� 0, or,
which is the same, ABÿ BA � C (where C is some constant)?

On this matter we can say the following.
First: the property of noncommutativity introduces a

certain irremovable, non-eliminable, and non-selectable Ð
with the aid of any manifold mechanisms (using auxiliary
manifolds, `hidden parameters', etc.) Ð linkage between the
elements A and B. Otherwise these elements would become
classical objects described by the commutative algebra.

Second: this linkage is so tight that the elements A and B
are not only inseparable from one another, but even their
individual existence as elements becomes inevitably relative,
so that one of them can only acquire a sense of actual
existence and actual definitiveness only at the expense of
losing all definitiveness with respect to the conjugated
element.

This means that the property of noncommutativity
necessarily implies an essentially probabilistic description of
the corresponding elements, so that the non-commutating
elements ABÿ BA 6� 0 must be described in terms of
probabilities (of their realization or definition).

Third: the nonzero commutator, being under certain
conditions a constant, ensures normalization, mutual con-
sistency and mutual correlation of the probability distribu-
tions for the possible values of the non-commutative elements
A and B. In other words, it performs the same function of a
`controlling factor' in the organization of mutual correlation
of probabilities for elementsA andB that was discussed using
the example of the cell hN in the semiclassical approximation.

If in the course of further measurements in the experiment
the elements A and B assume well defined values, the pure
quantum state is destroyed, and the specifically quantum
linkage between these elements is lost (referred to as
`indivisibility', `inseparability', etc.). As a result, such ele-
ments render themselves to a classical description Ð that is,
become the elements of commutative algebra or `Bell's
objects' for which Bell's inequalities hold.

4. Quantum holism and the many-worlds interpretation
of quantum mechanics
Future historians of physics will certainly cite the Everett ±
Wheeler many-worlds theory as the most exotic interpreta-
tion of quantum mechanics. This interpretation exceeds in
extravagance the conceptions of an absolutely elastic ether
that had appeared before the advent of STR but lost their
utility as soon as Einstein turned to the operational analysis of
the real space-time relationships in the spirit of the relational
approach. The same lies in store for the many-worlds
interpretation, whose current popularity is explained by its
utmost clarity. This concept is so consistently clear that the
central problem for which it was invented in the first place Ð
the problem of reduction of the wave function Ð is resolved
simply by renouncing the very phenomenon of reduction of
the wave function! To wit, it is assumed that the function
describing a certain initial state represented by the super-
position

C�x� � c1c1�x� � c2c2�x� � . . .� ck ck�x� ;
describes at once a multitude of actually existent infinite
worlds similar to ours. In other words, each term in this
superposition has its own whole world that includes the
measured subsystem, the instruments, the observer Ð in a
word, to each his own, and a universe for each term in the
superposition. Strictly speaking, this theory ought to be
named the concept of many (or even infinitely many) world
branching universes, because every new act of measurement
generates a new layer of universes, corresponding to the new
superposition of the new c-function, et cetera ad absurdum.

Since every time there are as many worlds as alternative
results of measurement, and all worlds are equally real, the
problem of measurement reduces to the issue of the observer
getting into `his' world Ð that is, the world he is actually
observing.

2 Another example of implicative structures are the structures of reasoning

and consciousness, which are governed by the phenomenon of wholeness

inherent in the psyche or mind. Hence the numerous appeals to conscious-

ness in the search for the solution of quantum paradoxes.
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As a result, even though this conception does not raise the
issue of the `mechanism' of reduction of the wave function, it
raises the question of how the observer gets into this
particular Everett world. The weakness of this theory
becomes immediately all too obvious when we try to use it
to explain the quantum correlation experiments. For this
purpose we shall need to `smear' every and all observers with
certain weighted probabilities over all worlds represented in
the initial superposition (which in some cases will be infinitely
numerous!). In the EPR experiment with delayed selection we
shall have to explain how the observer in Paris, who entered
by random selection of the measurement the world with a
given X projection of the spin of the measured particle, could
Ð definitely after the departure of particles Ð shift the
railway switch for the `paired' observer in Tokyo in the
appropriate strictly defined direction Ð to the world with
the required X projection of spin of the Tokyo photon
predetermined by the result of measurement in Paris.

None of the numerous advocates of the Everett ±Wheeler
theory has so far managed to demonstrate what happens to
the observers, if they believe that the worlds are predeter-
mined and that nothing happens with the worlds.

In brief, the problem is that even though the worlds are all
predetermined, the observer in Paris at his own discretion and
definitely after the departure of particles of the EPR pair can
readjust his instruments and measure X, Y or Z projection of
spin of his photon, thereby switching the rails for the observer
in Tokyo, who is thus in a fatal and inexplicable dependence
on the volition in Paris. After all, as demonstrated in
Menski|̄'s paper [5], this conception, like any other existing
one, appeals eventually to the consciousness of the observer.
M BMenski|̄ greatly simplified the unavoidable appeal to the
consciousness in the interpretation of quantum mechanics by
identifying the consciousness with... the selection of one of the
alternative results ofmeasurement! Admittedly, the inevitable
appeal to consciousness in any more or less consistent and
well-developed interpretation of quantum mechanics is a
notable historical fact. One only needs to recall the dis-
courses on this topic by Niels Bohr, Wolfgang Pauli, John
von Neumann, Erwin SchroÈ dinger, and David Bohm, to
name but a few. All this implies that there is a profound
linkage between quantum mechanics and the functioning of
consciousness. This allows M B Menski|̄ to speak of two
unsolved fundamental problems: (1) how is one of the
alternatives selected in quantum measurement, and (2) how
does the consciousness work. In fact, the first problem is not
stated clearly. Quantum theory is intrinsically and fundamen-
tally probabilistic. Today everybody has got used to this fact.
In the context of quantum holism, quantum theory is
intrinsically probabilistic owing to the relative nature of the
concept of an element in the description of physical reality.
Therefore, the answer to the first question in the formulation
of M B Menski|̄ was and remains a quantum mechanical
standard: ``the selection of an alternative in quantum
measurement is random''. Now we understand that this
randomness is inevitable and irremovable, or fundamental.

Then M B Menski|̄, feeling the connection between the
problem of consciousness and the problem of measurement,
resolves the linkage between them in a rather straightforward
way Ð simply by announcing that the selection of the
alternative is the word of consciousness, interpreting the
`selection' as the `comprehension' of what takes place in
reality. This path, however, has already been walked by von
Neumann in his much more elegant and shrewd analysis,

when he demonstrated that a consistent analysis of the
problem of measurement inevitably leads to consciousness
(to the act of comprehension of the reading of the instrument)
as the last authority responsible for the reduction of the wave
function.

Let us emphasize the major difference between the views
of vonNeumann andMBMenski|̄. VonNeumann obviously
accepts the standard Copenhagen interpretation of quantum
mechanics with its initial and c o r r e c t (as proved by the
entire evolution of quantum theory) idea of the primacy of
probabilities. Therefore, he does not have the question posed
byM BMenski|̄ ``(1) how is one of the alternatives selected in
quantummeasurement''. The answer is obviousÐ at random
(with certain weight coefficients for different alternatives).

Of real importance is a different question considered by
vonNeumann: what happens in the act ofmeasurement to the
other terms in the superposition of the initial state Ð that is,
to the other alternatives. This is the famous question of the
reduction of the C-function: what is the mechanism of
reduction of the C-function? So the correct formulation of
the question raised by M B Menski|̄ ought to be different:
(1) what is the mechanism of reduction of the wave function?
Or, which is the same, what is the mechanism of quantum
correlation effects (for example, in EPR experiments)?
Question (2) remains the same: how does the consciousness
work?

The answer to these questions is contained in the concept
of the implicative structure of probabilities, represented by
the nonfactorizable wave function. It is in the superposition

C�x� � c1c1�x� � c2c2�x� � . . .� ckck�x�
that all terms of the superposition as the potentially possible
states are equally real. Since their source is the property of
ultimate indivisibility and inseparability of the initial state,
the potential possibilities form from the outset as mutually
linked and mutually correlated, which is formally reflected in
the condition of normalization of the coefficients of the terms
in the superposition.

Now in the act of measurement the r a n d om realization
of one of the possible states means that the coefficient for this
state jumps to unity with an instantaneous vanishing of the
coefficients of all other terms of the superposition owing to
the implicative linkage across the entire set. This is the process
of reduction of the wave function, which is implicatively
logical in nature because it evolves in the world of potential
possibilities, but as objectively real as any conventional causal
process in the world of physical bodies and things. In the same
way, the mechanism of quantum correlations has not a
physically causal, but an implicative logical nature.

Thus, we have to agree that in the very foundation of
Nature, in the essentially quantum domain, where the
concepts of elements and sets are no longer relevant, these
concepts are replaced by the world of potential possibilities of
selection of some elements or sets. This world of potential
possibilities is governed by the appropriate mechanism of
implicative logical relations and dependences, which is
manifested in particular in the effect of reduction of the c-
function, quantum correlations like EPR linkage, and the
like. As soon as we acknowledge this, we immediately
understand the linkage between quantum mechanics and
consciousness, of which much has been said already.

Indeed, all structures of consciousness are based on
implicative (not causal) links and dependences. Psycholo-
gists know this well. For example, the founder of genetic

April, 2001 Letters to the Editors 437



psychology Jean Piaget based his concept of logical-algebraic
structures of intellect on the idea of implicative links and
dependences in the consciousness. According to him, ``none
of the concepts expressing physical causality... are applicable
to the understanding of linkages in the realm of conscious-
ness'' (see Ref. [7], p. 19). Thus, even though it is a long way
from the problem of quantummeasurement to the problem of
consciousness, the problem of quantum measurement
uncovers a new and uncommon aspect of links and depen-
dences in Nature, whose properties resemble the properties of
consciousness and whose existence in Nature is prerequisite
for the emergence of consciousness. However, the clarifica-
tion of all these circumstances is a task for the future.

5. Conclusions
The main idea of quantum mechanics, whether in the form of
the Planck constant or in the noncommutativity of certain
observables, must be brought to the recognition of relative-
ness and nonuniversality of the abstract concept of set
(manifold) in the description of quantum systems.

This entails the necessarily probabilistic description of
quantum systems: since a quantum system ultimately cannot
be decomposed into elements or sets, we have to describe it in
terms of probabilities of only a relative selection of certain
elements or sets in its structure. This gives rise to the potential
possibilities of quantum systems in an actual physical
situation and the corresponding probabilities are ontologi-
cally real, like any other physically verifiable relationships.

In this way, the quantum potential possibilities (and
probabilities as their measure) are no less objectively real
than the conventional reality which we identify with the
physically directly verifiable elements, particles, etc. As
observed by Albert Einstein, ``a field for a modern physicist
is as real as the chair on which he is sitting''.

This remark wholly applies to the quantum field described
by the nonfactorizable wave function Ð that is, to the
distribution of probabilities related to the pure quantum
state. Indeed, this distribution of probabilities is as objec-
tively real and hard to the touch as chairs, walls and all other
hard-to-the-touch physical things.

These probabilities, however, presented in the pure
quantum state, have another remarkable property that
cannot be imagined in the world of chairs or other macro-
scopic objects: in the pure quantum state the probabilities of
selection of elements from the ultimately detailed state of the
system are mutually coordinated and correlated by the
phenomenon of wholeness of the system, and form an
implicative logical structure governed by this phenomenon
of wholeness.

This idea of implicative logical organization of the
probabilistic structure of quantum system in the so-called
pure (non-detailable) state, and the governing role of the
phenomenon of wholeness (in the redistribution of probabil-
ities depending on the nature of development of the real
experiment) is in good agreement with the results of quantum
correlation experiments (for example, the experiments of
A Aspect, N Gisin, and others).
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Quantum measurement:
decoherence and consciousness

M B Menski|̄

The letters to the editor received in response to my article in
Usp. Fiz. Nauk [1] and published in this issue differ in content
and purpose. In addition to comments on my article, their
authors also present their own proposals for the development
of quantum theory. Let the reader make his own judgment
about the value of these proposals. In this note I will only
answer the comments in my address made in three of these
letters. These comments touch upon issues that are difficult in
themselves, or were presented in my article too briefly. I hope
that additional light will be thrown on the complicated issues
raised in my article. To maintain the high level of the
discussion, I will excuse myself from responding to remarks
made in the other letters Ð in my opinion, they are addressed
quite clearly in the article itself.

Article [1] is split into two parts, which are completely
different with regard to the nature of the subject. The first
(bigger) part is concerned with the particulars of the
entangled states of quantum system and the related phenom-
enon of decoherence. The theory of decoherence explains how
quantum measurement takes place. It resolves the paradoxes
of quantum mechanics if we confine the treatment to open
systems and do not attempt to find themechanism of selection
of one of the possible alternative results of measurement. This
is quite sufficient for answering all the questions that can be
reasonably asked within the framework of physics. From the
standpoint of a physicist the question of selection is ill-posed
or unnecessary, and any real system is open Ð it is only the
entire Universe that is absolutely closed.

In the second part of the article we discuss the conceptual
problems that arise when we go beyond the subject
(methodology) of physics and look into the mechanism of
selection. At this deeper level of analysis the paradoxicality of
quantummechanics remains, and the description of quantum
measurement is not possible without explicitly including the
consciousness of the observer in the consideration. To resolve
the problem of selection at this level, we propose to identify
two concepts: (1) the selection of the alternative quantum
measurement, and (2) comprehension of the result of
measurement by the observer.
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As ought to be expected, the most interesting questions
and critical remarks are related to the second part of the
article, devoted to selection and consciousness. Shortly (in
paragraph 2) I shall address these questions. I would like to
start, however, with a misunderstanding that comes up in one
of the letters in connection with the theory of decoherence.
This will also clarify certain principles that failed to receive
proper attention in article [1].

1. A I Lipkin [2] criticises article [1] for allegedly being
based on von Neumann's reduction postulate. In the
beginning he writes:

``The fundamental, seminal and axiomatic concept for the
theory going back to von Neumann and adopted by
M B Menski|̄ is the postulate of the `reduction of wave
function' associated with the measurement in quantum
mechanics''.

This is certainly not the case. For those concepts of
quantum measurement that are discussed in my paper (the
phenomenon of decoherence and Everett worlds), the
postulate of reduction is neither fundamental nor even
necessary. By contrast, these concepts, and first of all the
concept of decoherence, free us from the need to postulate the
reduction of the state (collapse of the wave function). This is
why they were proposed in the first place.

Lipkin attempts to eliminate the postulate of reduction on
the grounds of a rather strange (to put it mildly) assertion:
``the ENTIRE measuring component, complete with the
procedure of comparison with the standard, CANNOT IN
PRINCIPLE be included in the theory. We hold that the
procedure of measurement contains a certain part (compar-
ison with the standard) that cannot be described within the
framework of that chapter of physics in which it is used. In all
likelihood, an even more stringent statement is true: the
procedure of comparison with the standard cannot be
completely covered by any branch of physics). A similar
feature applies to the preparation procedures'' (capitals and
boldface from the original).

This outlandish thesis and other formal constructions of
Lipkin's, like his `core of division of science', do not throw
any new light on the issue of reduction (collapse). In fact, this
is not necessary, because the theory of decoherence gives a
clear physical analysis of this issue.

The theory of decoherence and, in particular, its discus-
sion in my article, illustrates how the entirely conventional
quantum mechanical analysis of the measured system,
interacting with its environment (the instrument or measur-
ingmedium), leads to the same predictions as those which can
be obtained using the reduction postulate. It is not necessary
to assume that the reduction (collapse) of the wave function
actually takes place. Decoherence explains why the reduction
postulate leads to correct predictions even though in reality
there is no reduction as such.

The key concept here is the concept of the entangled state.
Article [1] does not present the entire theory of decoherence -
we only describe its main idea and cite references containing a
more detailed treatment. For more details the reader should
refer to this literature. In particular, the relationship between
the reduction postulate and decoherence is discussed in detail
in Refs [3] and [4] (the first of these is cited in Lipkin's letter
but seems to be misunderstood as well).

Although the theory of decoherence gives a physical
explanation of something that is phenomenologically
described by reduction, the reduction postulate does not lose
its meaning but only changes its status. Reduction offers a

simple and elegant method for calculating the behavior of the
system after the measurement when the result of the
measurement is known. In particular, the reduction pattern
is useful for calculating the results of two or more consecutive
measurements.

In this way, it is possible to describe quantum measure-
ment at different levels: the reduction postulate gives the
phenomenological description, the theory of decoherence
gives a more profound `microphysical' description. There is
a deeper level of description of quantummeasurement, which
goes beyond the methodology of physics and involves
consciousness. We shall speak of it below. One of the
purposes of article [1] and book [4] is to show that the
different approaches to quantum measurement, which are
sometimes viewed as incompatible, are actually just different
levels of description, each being correct if used in the right
way.

In addition to the reduction postulate, there are other
methods of calculation of the results of repeated measure-
ment. For example, instead of using the reduction of state
(collapse of the wave function) after each measurement, one
can get correct predictions by calculating the correlation
between the results of different measurements. This
approach is analyzed in the work of D NKlyshko [5], quoted
by Lipkin in his letter.

2. Now let us go to the more difficult issue of the role of
consciousness in the theory of quantum measurements. This
question is raised in the letter of A D Panov [6].

The role of consciousness was discussed in many works of
many authors, starting with von Neumann. To the literature
cited previously in Ref. [1] we should add the paper by Dieter
Zeh [7], which offers a good review and a conceptual analysis
of the problem. Observe that the discussion of this issue in
Ref. [1] is by no means complete, and only expresses the
personal opinion of the author.

In connectionwith Panov's letter wemust first of all note a
certain confusion of terms. In my article [1] I used the term
`consciousness' to refer to the known phenomenon from
psychology, which apparently is a function of the brain.
Occasionally I used the word `comprehension' (`becoming
aware of') to emphasize that this is a phenomenon, a process.
In Panov's usage, `consciousness' refers to a material object
that supports this process. I would call this (whether it is the
brain or some structures in the brain) the `carrier of
consciousness'. In article [1] we did not directly consider the
carrier of consciousness, so the analysis proposed by Panov is
a useful supplement to the article. Panov describes the
decoherence of the material carrier of consciousness that
takes place simultaneously with the decoherence of the
measured system. This is useful for understanding what goes
on in the case of quantum measurement. And even though
Panov seems to disagree with article [1], his analysis actually
supports and illustrates our conclusions.

Denoting by S, D, M, and E the measured system, the
measuring device (detector), the carrier of consciousness
(mind) and the environment (reservoir) respectively, Panov
considers the unitary evolution which results from interaction
between these objects and leads to the following change in the
state of the total system:ÿ

ajSai � bjSbi
�jD0ijM0ijE0i

! ajSaijDaijMaijEai � bjSbijDbijMbijEbi : �1�
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This differs from the treatment in article [1] only in that the
degrees of freedomMare selected, interpreted as the carrier of
consciousness. In exactly the same way as in Ref. [1], it is easy
to show that although the final state of the total system after
the interaction remains pure, the state of each subsystem
becomes mixedÐ decoherence takes place. So the state of the
measured system is now described by the (reduced) density
matrix

rS � jaj2jSaihSaj � jbj2jSbihSbj : �2�

This formula is equivalent to Eqn (5) in [1] and describes the
decoherence of the measured system S. Panov also inquires
about the state of the carrier of consciousness M after the
interaction. It is described by the density matrix reduced to
the subsystemM:

rM � jaj2jMaihMaj � jbj2jMbihMbj : �3�

This means that the carrier of consciousness occurs (with
corresponding probabilities) either in the state jMai, or in the
state jMbi, but not in a superposition of these states.
Accordingly, the process of interaction of all these objects
leads to decoherence of not only the measured system S, but
also the carrier of consciousnessM.

Observe that the density matrix rM of the form (3) can be
obtained under assumptions less stringent than those used by
Panov. In the presence of a macroscopic environment
(reservoir) E, the density matrix rM always has the form (3)
by virtue of the orthogonality of the states jEai and jEbi. If the
states of the detector jDai and jDbi are orthogonal to each
other, this will ensure the form (3) formatrix rM, whichwill be
true even in the absence of a macroscopic environment.

More important is the following remark. Panov assumes
that formula (3) resolves the problem of selection by
consciousness of one of the alternative results of measure-
ment. He writes: ``Just as in statistical mechanics there is no
problem of selection of one of the classical states � p; q� for the
state defined by the distribution r� p; q�, here we have no
problem of selection of the state of consciousness''.

In fact, the problem of selection of alternative is not
resolved by formula (3). The analogy with statistical mechan-
ics drawn by Panov demonstrates only that a physicist usually
does not encounter this problem at all. If the alternatives are
enumerated, and each has its associated probability, then
nothing else is needed to answer any question put forward by
a physicist. This is what I meant when claiming that in the
framework of the theory of decoherence of open systems
(whose states are described by density matrices) there are no
paradoxes or logical difficulties, and the resulting theory may
be considered quite adequate as long as we remain on the level
of treatment, which is characteristic of physics.

The problem arises only if we feel it necessary not only to
enumerate the alternatives with their respective probabilities,
but also to describe themechanism of selection of one of these
alternatives. This means that we are asking questions not
usually asked by physicists Ð that is, we move onto the level
of metaphysics. At this deeper level of analysis the density
matrix of the form (3) does not satisfy us any longer. This
density matrix describes the decoherence of the carrier of
consciousness and does not solve the problem of selection any
better than the density matrix (2), which (in a different
notation) was discussed in article [1] and which describes the
decoherence of the measured system.

In order to resolve the problem of selection we need to
take a more radical step. Different authors do it in different
ways, but the most interesting solutions (in my opinion) are
based on the many-worlds interpretation of quantum
mechanics proposed by Everett. According to Everett, all
the alternative results of quantum measurement are realized,
but they are realized in different worlds. These worlds are
perfectly identical, with the only difference that this particular
measurement leads in different worlds to different results (of
course, each subsequent measurement splits each of the
worlds again). In each world there is an observer (or
observers), and the difference between observers in different
worlds is that they see different results of measurements.

Now it seems that the problem of selection of the result of
measurement is no longer there, because all alternatives (all
Everett worlds) are equally real. From our experience we
know, however, that in the consciousness of any particular
observer the measurement gives one particular result. So in
the description of the consciousness (psyche) of one particular
observer we need to put only one result ofmeasurementÐ the
result that is registered by this observer. So the selection of
one out of all possible alternatives is still necessary. The
problem of selection does not disappear, it only moves from
the domain of physics to the domain of psychology (the
theory of consciousness of individual observer), or, more
precisely, to the domain of metaphysics (because the problem
arising in psychology is rooted in quantum physics).

Can we now solve the problem of selection that has
become a subjective one? Is it possible to explain how the
selection of an alternative is made in the consciousness of the
individual observer Ð or, in other words, the selection of the
Everett world in which the observer finds himself.

Obviously, the answer will depend on what we mean by
`explaining'. In some cases explanation is the rapprochement
of concepts that before the explanation seemed to be remote.
One thing is explained in terms of another. In article [1] we
proposed to identify the concept of selection, arising in
quantum physics, with the phenomenon known in psychology
as comprehension. So when asked what is selection, we answer
comprehension. Selection (of the alternative result of mea-
surement) occurs when this particular observer comprehends
in which of the Everett worlds he finds himself. And inversely,
to the question `what is comprehension' (that is, the transition
from the state when something is not comprehended to the
state when it is comprehended) we propose to answer it is the
selection of one out of many alternative Everett worlds.

Of course, something like this is always said in connection
with Everett worlds. Something like this was said by Everett
himself, and by all his followers. In article [1] we attempted to
simplify the formulation as much as possible, remove all
extras, and emphasize the main point. In place of the formula
``The consciousness of the observer selects one of the
alternatives'' we propose the statement ``The consciousness
(comprehension) is the selection of the alternative''. It is
possible that some authors meant exactly this, although I
did not come across any formulations that would unambigu-
ously express this idea.

For example, I Z Tsekhmistro [8] writes in connection
with my proposed solution of the problem of selection: ``This
path, however, has already been walked by von Neumann in
his much more elegant and shrewd analysis, when he
demonstrated that a consistent analysis of the problem of
measurement inevitably leads to consciousness (to the act of
comprehension of the reading of the instrument) as the last
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authority responsible for the reduction of the wave function.''
However, when we open the cited book by von Neumann, we
see that he only states that it is necessary to explicitly include
the consciousness of the observer in the consideration, and
nothing more. This necessity was stated by many authors
after von Neumann, which I duly noted in my article. This,
however, is a statement of the problem but not its solution. I
have not encountered a solution based on identifying the
consciousness and the selection.

To repeat once again: it is quite reasonable to hold the
viewpoint that this problem does not exist at all. Tsekhmistro
writes further:

``Let us emphasize the major difference between the views
of vonNeumann andMBMenski|̄. VonNeumann obviously
accepts the standard Copenhagen interpretation of quantum
mechanics with its initial and correct (as proved by the entire
evolution of quantum theory) idea of primacy of probabil-
ities. Therefore, he does not have the question posed by
M B Menski|̄ `(1) how is one of the alternatives selected in
quantum measurement'. The answer is obvious Ð at
random.''

But of course! Such a question does not arise in the
framework of physics. A physicist will be quite content with
the probabilistic predictions, and random selection of an
alternative is self-evident. We have to repeat again: the
question of the mechanism of selection of alternative only
arises on the metaphysical level of treatment. No one is
obliged to consider the problem on this level. The conven-
tional physical treatment is quite sufficient for all practical
purposes. The resulting theory is logically closed, it can be
checked experimentally and is verified perfectly well.

To many the transition to the metaphysical level and to
additional questions might seem just an unnecessary game,
and this standpoint is quite reasonable and even advanta-
geous in many respects. What I tried to say in the second part
of my article was formulated very cautiously: if for some
reason or other (perhaps just out of curiosity or by way of
intellectual exercise) we go over to metaphysical level and
begin asking `nonphysical' questions, then one of these
questions will be concerned with the mechanism of selection
of an alternative, and one of the possible answers (elegant in
my opinion) consists in identifying the consciousness and the
selection.

Of course, such a solution of the problem of selection is
purely verbal, and for a physicist may be of no value at all.
Verbal solutions, however, are typical for metaphysics. In our
case the solution seems to be elegant because it brings
together two difficult conceptual problems from entirely
different branches of science: (1) what is selection in
quantum physics, and (2) what is the concept or phenom-
enon of consciousness in psychology. We get an explanation
(or description) of a difficult psychological concept in
physical terms, and vice versa.

Apart fromall else, such a statement of the problem is very
favorable for the hypothesis of the existence of active
consciousness capable of changing the probabilities of
different alternatives for a particular observer. This hypoth-
esis is discussed (at a very preliminary level) in article [1], but
here we are not going to touch upon it.We shall only note that
this hypothesis is correct only if the number of Everett worlds
is infinite (this remark was included in the English translation
of article [1]).

Going back to the question of reduction (collapse) of the
wave function, we have to conclude that, similarly to the

theory of decoherence, Everett's quantum mechanics does
not assume that the collapse actually takes place. After all,
collapse or reductionmeans that all alternatives vanish except
one. But in Everett's quantum mechanics all alternatives
remain equally real, only they exist in different worlds. And
only in the consciousness of each individual observer is there
an illusion that only one of these worlds exist Ð that is, only
one alternative. There is no collapse at all, but to an individual
observer it seems to take place.

By the way, this is what makes the concept of collapse so
useful for practical calculations. For a particular observer
there is only the one Everett world in which he finds himself.
And in this world only one alternative is realized. He can
safely ignore the fact the other alternatives are realized in
other worlds (inhabited by his counterparts). Accordingly, he
may assume that at the time of measurement the collapse
takes place that leaves only one alternative. Calculations
based on this assumption will give a correct answer for the
Everett world in which this observer lives.

3. At the end of Panov's letter [6] the status of quantum
theory that resolves the problem of measurement with the
concept of decoherence is discussed. Panov agrees with the
conclusion made in article [1] that no logical difficulties will
arise in the quantum theory of open systems if the phenom-
enon of decoherence caused by the environment is taken into
account phenomenologically. He believes, however, that such
a theory ``may cause some discontent because, along with the
SchroÈ dinger equation, the theory also involves some phenom-
enology, which is as important as the dynamic laws
themselves. This phenomenology is fundamental in the sense
that it has to be considered not derivable from to any other
principle (unlike, for example, thermodynamics, which can be
derived from statistical physics).''

This remark is quite reasonable. We can reply, however,
that there is at least one method of phenomenological
description of decoherence that has the required properties.
It is the phenomenology of continuous quantum measure-
ments (that is, continuous decoherence), based on restricted
path integrals, or, which is equivalent, on complex Hamilto-
nians [3, 4]. It is fundamental by construction.

This phenomenology is not derived from anywhere, and
actually constitutes a part of quantum mechanics. This
becomes obvious if we use a formulation of quantum
mechanics in terms of Feynman's path integrals. Then the
evolution of a closed system is described by the integral along
all possible paths, whereas integration for an open continu-
ously measured system must be restricted to a certain subset
of paths. Namely, one should only include those paths that
are consistent with the information obtained in the course of
measurement (and `recorded' in the environment). As a result,
both closed and open systems are described by the SchroÈ din-
ger equation, but in the case of an open system the
Hamiltonian contains an imaginary part [3, 4].

Another proof of the fundamentality of such phenomen-
ology is the fact that it emphasizes the dynamic role of
information: the effect of the environment of a certain
subsystem on its dynamics only depends on what informa-
tion about the subsystem remains in the environment. All
these issues are discussed in detail in book [4].

So, Panov quite reasonably notes that the phenomenol-
ogy in the theory of open systems must be fundamental in
nature. However, the theory of restricted path integrals is
essentially fundamental, and provides a good basis for an
adequate theory of open systems.
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