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Abstract—Modern fundamental physics poses new questions for philosophy, which, as it seems to us, have
not yet received appropriate attention from philosophers of science. This paper formulates a number of such
questions in order to present them to the attention, first of all, of professional philosophers. A rough list of
the main themes is as follows: (1) Cosmic variance problem and the meaning of theoretical cosmology;
(2) Epistemological status of the concept of multiverse in cosmology; (3) The operational status of quantum
macrostates and the relation of this problem to cosmology; (4) The meaning of the physical reality in the
“final theory”; (5) Criticism of the string theory in the relation with the item 4 above.
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INTRODUCTION

There were a number of important breakthroughs
of the last 40–45 years in fundamental physics. We
mention here the following ones:

 Cosmology has become a precise quantitative sci-
ence due to the emergence of inflation models, the
associated theory of cosmological perturbations, and
precision experimental data capable of verifying these
models.

 The development of quantum information sci-
ence, which makes intensive use of entangled quan-
tum states and decoherence theory.

 The emergence of a large number of meaningful
theoretical models of quantum gravity, including
string theory, loop quantum gravity with spin foam
models, etc.

Several new methodological issues have arisen in
the depths of these new directions that have not been
given sufficient attention by the philosophy of science.
The question even arises: are all these issues really
noticed by philosophers? A few of these problems
without trying to solve them will be formulated here.
We hope that this short report will help draw attention
to these issues.

Before we begin the review, we will fix our under-
standing of the operational meaning of quantum
mechanics and the objective nature of mathematical
forms. This issues will be useful for later references.

1. ABOUT THE NOTIONS AND MEANINGS 
OF EXPERIMENT, MEASUREMENT 
AND STATE IN QUANTUM PHYSICS 

(THE ENSEMBLE APPROACH)
Theoretical physics produces models that provide

observable predictions. Experiments test the predic-
tions of the theories, confirming the theories or dis-
proving them. Verification of theories by experiment
allows to improve the theoretical models or to create
completely new theories, and this cycle is repeated
again and again. It is the well-known cycle of empiri-
cal science. Therefore, an experiment is something
that can and should test a theory.

The quantum theory generally cannot predict the
result of a single quantum measurement since the
quantum theory generally produces only statistical
predictions. As a result, a single quantum measure-
ment cannot test a statistical prediction of the quan-
tum theory. Therefore a single quantum measurement
has no status of an experiment within quantum theory.
But what should be considered as an experiment
there?

An experiment in quantum theory is a measure-
ment over an ensemble of systems prepared in the
same initial state. This idea was thoroughly developed
in the school of Dmitry Blokhintsev [1] and is known
as “Moscow interpretation of quantum mechanics”1.
The ensemble is potentially as large as you want col-
lection of systems with the same state. In the measure-
ment over the ensemble the statistical predictions of

•

•

•

1 https://www.phys.msu.ru/rus/about/sovphys/ISSUES-2007/
1(54)-2007/54-7/.
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quantum theory can be checked with any accuracy.
Moreover, it is possible to apply any mutual-additive
(and mutual-excluding) quantum measurements to
the same ensemble of states, that allows to reconstruct
the structure of the wave function of the system with
any accuracy in all details. Therefore, the wave func-
tion of a quantum system is an operationally defined
quantity within the formalism of quantum theory.

Here is a simplest example. Consider one-dimen-
sional wave function  .
Using an ensemble of systems in the state  we can
separately measure probability distributions for coor-
dinate  and momentum ,  and  respec-
tively. Then we obtain immediately  and
the equation

(1)

to obtain . Therefore, the wave function  is
defined completely. Equation (1) determines the
phase  up to an additive constant, as expected.

2. TO THE NATURE OF MATHEMATICS 
AND THE MATHEMATICAL REALITY

The problems related to the nature of mathematics
are very complex and extensive, and only a very brief
sketch of the author’s position is presented here for the
possibility of later references.

Consider, for example, the trillionth decimal
expansion digit of the number . Nobody knows
it now, it is not written down anywhere, it simply does
not exist in our material word. However, if different
people start calculating this digit, they will obtain the
same result. Why? Because this result objectively
existed before anyone started to calculate it. But where
and how did it exist? This object excised in the objec-
tive mathematical reality. Mathematical reality exists
objectively, but not in space-time like matter and
energy. To exist objectively does not mean to exist nec-
essarily in space and time.

The existence of an objective world of mathemati-
cal forms is not a metaphysical statement or philo-
sophical position, since the objective existence of
mathematical forms is falsifiable in Popper’s sense.
Actually, it is enough to present two different correct
calculations of the same mathematical object with dif-
ferent results, and the objective existence of this math-
ematical form and the mathematical reality as a whole
will be disproved (falsified). An objection may arise:
But the consistent nature of mathematics guarantees
that the result will be the same if we solve the same
mathematical problem! The reply is: Gödel’s second
incompleteness theorem says that if mathematics is
indeed consistent, then it is impossible to prove its
consistence. We principally cannot be absolutely sure
of the consistency of mathematics, so comparing the
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results of different calculations of the same object is
always non-trivial. As was written by Nicolas Bour-
baki, confidence in the consistency of mathematics is
based only on our experience, and on nothing else
([2], p. 13).

Let us now turn to an overview of the philosophical
problems posed by modern physics.

3. COSMIC VARIANCE AND THE MEANING 
OF THE THEORETICAL COSMOLOGY

The standard cosmological model CDM
describes all cosmological observations very well using
only 6 free parameters (see for example, ([3], Fig. 1)).
The CDM model predicts among other things prob-
ability distributions and expected magnitudes of per-
turbations of various cosmological fields: tempera-
ture, density of matter etc. The predicted probability
distributions are distributions over an ensemble of uni-
verses, or, with additional assumption of homogeneity
and isotropy of perturbation fields, they are probabil-
ity distributions over an ensemble of visible universes.
It is in the nature of the theory of cosmological pertur-
bations. Therefore, we must have access to an infinite
ensemble of universes to test the predictions of the

CDM cosmology or any other cosmology model
with exhaustive accuracy. But we have access only to a
single instance of our own visible universe. So we fun-
damentally cannot test the predictions of cosmologi-
cal models with exhaustive accuracy—this is the cos-
mic variance problem.

The theory of cosmological perturbations is a sta-
tistical theory, as well as quantum mechanics. More-
over, the source of cosmological perturbations are
irreducible quantum fluctuations of the inflaton field
(or fields) at the inflation stage of the history of Uni-
verse. The source of statisticality in the theory of cos-
mological perturbations is fundamentally the same as
the source of statisticality in quantum theory.

The quantum theory admits the use of arbitrary
large ensembles of quantum systems for exact test of
statistical predictions of the theory. However, unlike
quantum theory, in the theory of cosmological pertur-
bations only one element of the infinite ensemble of
universes, which is described by this theory, is accessi-
ble. The consequences of this—the impossibility of
exact verification of predictions of cosmological mod-
els—are absolutely dramatic. We mention here only
two examples (there are other ones).

The quadrupole problem. Why is the amplitude of
the quadrupole  in the distribution of CMB
(Cosmic Microwave Background) temperature so low
(see ([3], Fig. 1))? Is it an accident event, or may it be
a consequence of an unusual topology of the Universe
or something else?

The l = 20 problem. What explains the deep dip in
the distribution of CMB temperature perturbations

Λ

Λ

Λ

=( 2)l
F PARTICLES AND NUCLEI  Vol. 55  No. 6  2024



FUNDAMENTAL PHYSICS ASKS PHILOSOPHERS NEW QUESTIONS 1513
near l = 20 (see [3], Fig. 1). Is it an accident, or is it a
defect of ΛCDM model?

There is no way to answer these questions and there
never will be. Interestingly, somewhere in the Universe
there are places where for accidental reasons (unusual
fluctuation of the inflaton field) the CMB anisotropy
has nothing in common with the ΛCDM predictions.
What should the inhabitants of such places in the Uni-
verse think?

The summary and questions for the cosmic vari-
ance problem are:

 Unlike the rest of all other physics (including
quantum theory), theoretical cosmology, especially
the theory of cosmological perturbations, cannot be
precisely verified by experiment due to the internal
structure of this statistical theory.

 What then is the epistemological status of cos-
mology?

 Can cosmology be regarded as a true empirical
science?

 Does this situation mean the limit of empirical
cognition?

4. THE EPISTEMOLOGICAL STATUS 
OF THE MULTIVERSE 

AND “OTHER UNIVERSES”
The inflation model predicts CMB anisotropy,

and, within the standard ΛCDM model, quantitatively
describes CMB anisotropy and other observations
very well. CMB anisotropy is the imprinting of irre-
ducible quantum fluctuations of the inflaton field into
the picture in our sky. Therefore, without the idea of
quantum fluctuations of the inflaton field, what we
see in the sky cannot be explained and understood.
However, the same irreducible quantum fluctuations,
which lead to the visible picture of CMB anisotropy,
lead to another prediction: the inflation process gen-
erates not only one (our) Universe, but also many
other “local” universes, which may or may not be sim-
ilar to our Universe ([4], Ch. 10). This multitude of
other universes is called the Multiverse. Therefore, it is
impossible (very difficult?) to explain the observed
CMB anisotropy and understand all other observed
phenomena without simultaneously predicting the
existence of the Multiverse.

However, each local universe of the Multiverse is
completely unreachable for us, since it is separated
from us by a space-like interval. We fundamentally
have no empirical way to directly test the existence of
other universes of the Multiverse, unless there exist
some passable “bridges” between local universes like
wormholes. The questions arises in relation with this
strange situation:

 Given that all other universes of the Multiverse lie
beyond the reach of direct empirical methods, what is
the epistemological status of these objects?

•

•

•

•

•
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 Should we consider the other universes of the
Multiverse to be only objects of mathematical reality
(see Section 2) arising in the context of the theory of
eternal chaotic inflation or they have some special
(indirect) empirical status associated with Multiverse
being an inherent part of a successful predictive theory?

5. OPERATIONAL STATUS 
OF QUANTUM MACROSTATES

It is supposed in quantum theory that for any quan-
tum state there is a possibility to create an ensemble of
any size. In other words, it is supposed the procedure
of preparation of a quantum state to be reproducible.
Due to this all quantum probabilities and the very
notion of quantum state acquire a clear operational
(ensemble) meaning (see Section 1).

Macroobjects consist of quantum microsystems
and, it would seem, should be quantum objects as well.
However (generally speaking) the decoherence time of
quantum states of macroobjects is so small that it is
fundamentally impossible either to prepare an ensem-
ble of systems in a given state and, even more, to make
a measurement over the system. For example, deco-
herence time of a 10 μm dust particle is for tempera-
ture 300 K in 1 atm air  s; for temperature 300 K
in absolute vacuum—  s [5]. The question arises:
what is the meaning of the statement that a macroob-
ject has a quantum state if this quantum state does not
lead to any operationally definable characteristics? It
looks that the only type of states of macrosystems for
which a reproducible ensemble can be prepared are
statistical mixtures indistinguishable from classical
probability distributions (the density matrix is strictly
diagonal). Should we assume that macrosystems can
be characterized by classical states only?

However, is it actually correct that any macrostates
are operationally indefinable? No, it is incorrect. For
example, there are macrostates separated from the
environment and protected from decoherence by an
energy gap—superfluids or superconductors. There
are also other ways of protection: topological protec-
tion, quantum correction codes in quantum comput-
ing. But generally there is no protection against deco-
herence, therefore decoherence is very strong and
operationally-defined quantum description is impos-
sible. The objection is possible: Let us isolate the mac-
rosystem from environment completely. We can use a
chamber with walls at absolute zero temperature +
absolute vacuum + protection from all radiation,
including neutrinos. But this does not solve the prob-
lem in the general case, since, first, not all macrosys-
tems make even sense under such deep isolation con-
ditions and, second, it is not always possible to repro-
ducibly prepare the initial state of the macroscopic
system even if there is isolation of the system from the
environment due to an energy gap or other methods.
The following are two important examples.

•

−3110
−1110
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The first example is about quantum information in
biological objects. Quantum informatics allowed to
create the first working prototypes of quantum com-
puters. For quantum computers the conditions of
quantum coherence conservation and reproducibility
of initial state preparation are fulfilled. The question
is: Could similar quantum modes of information pro-
cessing play a role in the brain or even just in any living
cell [6]? However, there is a problem with this question
itself. Even if there are quantum modes in a neuron or
in a living cell, sufficiently isolated from the environ-
ment (it is, in principle, not impossible), we cannot
transfer a living cell to a given quantum initial state in
a reproducible way. Therefore it is impossible to create
an ensemble of quantum states for a living cell, there-
fore quantum modes of information processing of a
living cell can not have operational sense.

The second example refers to the quantum state of
the entire universe. CMB anisotropy is defined by
quantum fluctuations of the inflaton field of the scale
of the visible event horizon of the Universe. To
describe the CMB anisotropy the use of quantum
states of the inflaton field of the scale of the visible
Universe looks inevitable. However, we observe only a
single instance of the Universe, so it is fundamentally
impossible to create an ensemble of quantum states for
the visible part of the Universe to study it. The quan-
tum state for the visible part of the Universe is opera-
tionally indefinable, but we must use this concept for
prediction of CMB anisotropy. The situation is very
similar to the origin of the phenomenon of cosmic
variance (Section 3)—in fact it is the same cosmic
variance problem, but translated into the language of
quantum ensembles. The problem of cosmic variance,
the problem of the quantum state of the Universe and
the problem of operational indefinability of macro-
scopic quantum states are intimately related to each
other.

We look, that there is an operationally definable
part of quantum theory, where all predicted probabil-
ities and the very notion of quantum state has a well-
defined ensemble operational sense (Section 1). At the
same time, there are a lot of situations in which it looks
inevitably to use operationally undefined quantum
probabilities or quantum states. The questions arise:

 Is it true that we have two different quantum the-
ories (ensemble quantum theory and “Bayesian”
quantum theory)?

 Can the “Bayesian” version of quantum theory
be considered as a true part of normal empirical sci-
ence?

6. THE FINAL THEORY AND THE MEANING 
OF PHYSICAL REALITY

Physical theories are represented by mathematical
models, and mathematical models in their nature are
consistent mathematical systems belonging to the

•

•
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objective world of mathematical forms (Section 2). All
accepted and confirmed physical theories (Standard
Model, ΛCDM-cosmology, etc.) are considered as
approximate descriptions of reality, none of them
claiming to be “complete” or “final.” It is assumed
that a deeper description of physical reality is possible,
from which the existing theories may be derived as
approximations or limiting cases.

The question arises: is there a limit to the refine-
ment of physical theories in depth? It’s unknown now.
However, it is widely believed that such a “regression
to infinity” is impossible. In particular, the limit may
be related to the Planck scale of energies, distances
and times. If “regression to infinity” is impossible,
then there must be a final theory that provides an
exhaustive description of physical reality at the deepest
level and does not allow for refinements. All other
physical theories must be deducible from the final the-
ory as some emergent phenomenology, or, in other
words, they all can be reduced to the final theory.
Hence another name for the final theory is the theory
of everything. The search for a final theory is actively
pursued. It is supposed that the final theory is some
form of quantum gravity plus the unification of gravi-
tation with all other interactions into a single united
theory.

If the final theory really exists and admits a mathe-
matical description2, there is nothing outside this
mathematical description. Therefore one of the solu-
tion of the final theory turns out to be identical to the
physical reality it represents. Unlike all existing theo-
ries, which produce approximate mathematical mod-
els, solutions of final theory are not models of any-
thing, but is identical with reality they describe. The
question arises: what does this mean? There are a
number of options to answer, for example:

(1) The physical reality is nothing more than a con-
sistent mathematical system supported by the final
theory—one of the exact solutions of the theory.

(2) The final theory is a synthetic object of a new
type, which is neither a physical reality nor a mathe-
matical system, but it disintegrates into physical reality
and a set of usual mathematical models of physics in
the “low-energy limit.”

Max Tegmark was one of the first who clearly
posed this question [7]. According to Max Tegmark
the answer is obvious, and it is the answer no. 1. In this
case we have the following implication: If the final
theory exists, then we live in a “mathematical matrix”
and we are ourselves mathematical objects. This is not
a hypothesis, it is a simple logical conclusion from the
existence of the final theory, plus answer number 1.
But the question remains:

2 Actually it is not quite clear what may mean that the final theory
exists, but does not admit mathematical form. This question is
not trivial, since we do not know why all our theories succeed in
giving mathematical form.
F PARTICLES AND NUCLEI  Vol. 55  No. 6  2024
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 Is the option number 1 really obvious, are answers
more similar option no. 2 possible, are any radically
other interpretations of physical reality within the final
theory possible?

7. CRITICISM OF SUPERSTRING THEORY 
(M-THEORY) FROM THE POSITIONS 

OF THE PHILOSOPHY 
OF THE FINAL THEORY

In the general relativity, space and time appear to
be dynamical objects, and like any dynamical objects,
must be subject to the quantum behavior. It follows
from quantum theory that space-time must f luctuate
very strongly on the Planck scales of length, time and
energy. There is no smooth space-time on Planck
scale. Therefore, to describe space-time on Planck
scale we need a quantum theory of space-time (quan-
tum gravity). Absence of smooth space-time on
Planck scale is the initial prerequisite of any quantum
theory of gravity.

Superstring theory is one of the candidates for
quantum theories of gravity. At the same time, super-
string theory is developed as a quantum theory of
motion of one-dimensional Planck-scale objects
(strings) in smooth space-time. The question immedi-
ately arises: What is the smooth background space-
time, in which the motion of Planck-size strings is
considered, given the fact that any quantum gravity
theory must start from absence of smooth space-time
on Planck scale? One would expect any monograph
on string theory to begin with a discussion of what this
smooth space-time background means, given that
there can be no physical space-time on the Planck
scale. However, known to me monographs (some of
them are [8–13]) do not discusses this issue at the very
beginning or anywhere else.

The smooth “space-time” of the string theory
background actually cannot relate to the physical
space-time. It is by construction a purely abstract
background, in which the dynamics of purely formal
objects—strings—is purely formally considered. It is
not defined a priori what all this can have to do with
real space-time. The smooth background of string
theory is much more similar to isotopic spaces for
describing internal degrees of freedom of elementary
particles than to physical space-time. Rather it looks
that this background space somehow describes some-
thing like the internal degrees of freedom of a “quantum
of space-time”, just as isotopic spaces describe the
internal degrees of freedom of elementary particles.

It is known that a consistent superstring theory can
be constructed only in the background space-time of
dimension 10 or 11 (the last is for M-theory). On this
basis string theorists very often say (especially in pop-
ular science publications) that “our space is 10-dimen-
sional or 11-dimensional, but some space dimensions
are compactified on Calabi–Yau manifolds of Planck

•
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scale, so these dimensions are not visible to us.” Actu-
ally there is no compactification of our space on
Planck-size manifolds and there cannot be, because
on Planck scales there is no space-time at all, space is
not a smooth differentiable manifold on Planck scale,
so there is no notion of space dimension and there is
simply nothing to compactify. This is directly seen in
such quantum theories of gravity as loop quantum
gravity or the theory of causal sets where smooth
space-time is an emergent phenomenon at large dis-
tances only, but the same must take place also in the
general case. The string theorists’ claims about 10 or
11 dimensions refer actually only the formal mathemat-
ical structure of the background of string theory, not to
physical space-time. How our physical space-time is
related to string theory is a very difficult question.

Now return back to the philosophy of the final the-
ory. In the final theory the most fundamental level of
physical reality is some mathematical structure identi-
cal to the physical reality at the deepest level. All other
physics is obtained from this structure in some emer-
gent and unknown beforehand way. It is important
that this mathematical structure itself does not have to
have any characteristics directly corresponding to
emergent physical concepts of higher level. The struc-
ture of string theory is very similar to the expected
structure of the final theory. There is nothing wrong in
the fact that string theory is built in an abstract smooth
background space, which has no direct relation to
physical space-time. It is only necessary to realize that
the abstract background of string theory is not the
physical space-time. Quantum dynamics of strings in
formal smooth background can be those consistent
mathematical structure, which defines the fundamen-
tal physical reality. Physical space-time must be
obtained from here in some emergent way, but this way
is not predefined in advance and may not be simple
and straightforward.

String theory is not the only candidate for a final
theory (quantum gravity). Other candidates are: dif-
ferent forms of loop quantum gravity and spin foam
models [14], different forms of causal set theory [15],
etc. All of them have some features of the final theory
in that they are based on formal mathematical struc-
tures rather far from observations, and these mathe-
matical structures often have even an abstract combi-
natorial nature, not space-time or field nature, as in
the string theory. We do not know whether is there a
“correct candidate” among the contemporary appli-
cants for the role of the true final theory.
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