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Abstract: If the isolated system of bosons and fermions was initially in a pure maximally entangled
quantum state, then, as a result of decoherence caused by the creation and annihilation of particles,
this system not only enters a mixed state but also achieves equilibrium. The time of such a transition
does not depend on the size of the system but is determined only by the properties of the particles.
This phenomenon allows the problem of the horizon (the homogeneity of the universe) to be solved,
since the transition time of different parts of the universe (if they were originally entangled with each
other) to equilibrium will not depend on their sizes, and the speed of the interaction may be greater
than the speed of light. Based on the decay of entangled states, the problem of the predominance of
matter over antimatter in the universe can also be solved.

Keywords: symmetry breaking; decoherence; superluminal communication; thermalization; horizon
problem; antimatter

1. Introduction

Thermalization mechanisms have been studied for many systems, although they
remain a subject of discussion (see, for example, [1]). In this case, two stages of this process
can be distinguished—decoherence and thermalization. At the first stage, the probabilities
of finding particles of the system in one state or another are formed, and at the second stage,
the system goes to equilibrium due to diffusion, heat conduction, and other nonequilibrium
processes. However, the case when the entire system was initially in a pure quantum state,
described by a single wave function, is of interest and should be considered separately. The
mechanisms of thermalization of a pure state can be associated with cosmological problems
such as the horizon problem, sypersymmetry, and the problem of the predominance of
matter over antimatter.

How did the universe come from its original symmetrical state to an asymmetric state?

We show that the assumption that the universe in its early stages was in a pure
quantum state allows us to solve these problems.

2. Creation and Annihilation of Particles as a Mechanism of Transition from a Pure
Quantum State to a Mixed State

Decoherence, or the measurement process, is considered a mechanism for the transi-
tion of a system from a pure state to a mixed one.

Decoherence involves entanglement of the system with particles of the environment,
as a result of which the pure state passes to a mixed one. One of the models for decoherence
theory is a two-level system (qubit) (see, for example, [2]), where bosonic field modes act
as an environment. The Hamiltonian in this model has the form:

hw *
k k

where 0, is the Pauli spin operator, and g are coupling constants.

Various scenarios of decoherence of qubits depending on their correlation length
are considered in [3]. In particular, for the case where the correlation length is large, the
collective interaction of qubits can lead to a significant increase in decoherence.
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According to the theory of quantum measurements (see, for example, [4-6]), measure-
ment in quantum mechanics consists of two stages. The first stage can be described with
sufficient accuracy using the Schrodinger equation. The second stage cannot be described
on the basis of this equation, since there occurs the creation or annihilation of particles.
On the other hand, if there is no birth (annihilation) of particles, then measurement does
not occur at all, and it is impossible to separate the two stages. As shown in [7], the
creation of at least one particle separates the linear dynamics of the particle from the actual
measurement.

According to the Copenhagen interpretation of quantum mechanics, the measuring
instrument is considered macroscopic. This is true for most cases, but, as shown in [8], the
assumption of a macroscopicity of the measuring instrument is not mandatory—there may
also be a microscopic instrument. However, using such an instrument, a small amount of
information can be obtained. In this sense, a macroscopic measuring instrument can be
considered a specific set of microscopic instruments.

The most important conclusion is that both the measurement of the particle’s state by
a measuring instrument and decoherence of the particle’s state are closely related to the
creation (annihilation) of particles.

3. Dynamics of Transition from a Pure State of the System to a Mixed State and
Establishment of Equilibrium

Consider a quantum system that is in a pure state

) =ca1|1) +c2f2) +... =) _culn), )

where [1),]2) ... are the eigenstates of the observed quantity A. As a result of the measure-
ments, the system comes into one of its admissible states, and the probability of finding the
observed quantity in a certain state is equal to

Prob(A,) = |cul?. ®)

Thus, as a result of repeated measurements, we obtain an ensemble of systems with
different configurations (Figure 1).
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Figure 1. Ensemble of systems.

In this regard, it is important to consider the frequency interpretation of probability.
According to that interpretation [9], we consider a random experiment S and denote the
set of the possible results of this experiment as

L={s1,...5m} 4
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Consider N implementations of experiment S and write the result x; after each implemen-
tation. Then, we get the final sample

x = (x1,...xN),xj € L. 5)

In this case, the collective is an endless idealization of this endless sample, for which
two Mises principles are true:

- statistical stabilization of the relative frequencies of each characteristic,
P(a) = limvy(a, x), (6)

- the principle of randomness—the limits of relative frequencies must be stable relative
to the rules for choosing a sequence in a collective.

On the other hand, it is obvious that the probability of detecting a system in a certain
state as a result of an experiment is proportional to the statistical weight of a given state, i.e.,
how many ways this state can be realized. Thus, as a result of the measurement, we will
more likely get those states of the system that correspond to the largest statistical weight.
In a macroscopic system, the maximum statistical weight will correspond to a much greater
probability than all other states.

Consider the microcanonical distribution for an isolated system

1
W&EH_E’ (7)

fn (a,N,E) =
where E,, are the permissible energy levels, Q(a, N, E) is the statistical weight, and a is the
external parameter. Entropy corresponds to this distribution:

S = kInQ(a, N, E). 8)

That is, in a stationary state, the system will most likely be in a state with a max-
imum statistical weight and, therefore, with a maximum entropy corresponding to the
microcanonical distribution.

For the realization of some states to be more likely than others, a transition mechanism
between states is necessary. Such a mechanism exists in any system (including the ideal
one) and represents the creation and annihilation of particles as a result of decoherence of
the pure state of the system.

Thus, as a result of measurement (decoherence) of a pure quantum system, we will
most likely get the state of the system with maximum entropy. As is known, from the
maximum of entropy while maintaining the total energy and the number of particles, one
can obtain the Bose and Fermi distributions (see, for example, [10]).

Indeed, let there be Z quantum states. It is necessary to determine the number of ways
by which N identical particles can be distributed among these states. The statistical weight
of the microstate is for fermions

0= HIN,Z NV )

and bosons (Zi N1
Q= H _'—_)) (10)

The task is to find the most likely distributions that maximize these expressions. As
additional conditions, we choose the following (conservation of the number of particles
and energy):

N1+ Ny +...= N = const, (11)

Nie1 + Nrep + ... = E = const. (12)
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It is easy to show that the statistical weight itself and its logarithm have a maximum in
the same point. Therefore, we can write the following from the conditions of its extremum:

Zi:ln ﬁdNi = 0 for fermions and (13)
Zln LdN- = 0 for bosons (14)
- Zi+N;—1 ! ’

Note that the standard derivation of quantum distributions in statistical physics uses
the maximum of thermodynamic entropy. In our case, this condition is not used, since
there is no thermostat. However, the maximum statistical weight that follows from the
decoherence picture discussed above leads to the same results.

Then, we can write for the Lagrange multipliers the following expression:

N; _
Z (anlZ\Il + ‘B + afl)le = 0, (15)

i

whence, equating the bracket to zero, it is easy to obtain a distribution for bosons:

N;
Zi<_ &,) = Aexp(—ag;), (16)

and fermions: N
ZiiLZ\m = Aexp(—ung;). (17)

In the last formula, we neglected unity compared to Z; 4+ (Nj).
The average number of particles per quantum state is

(n;) = 7. (18)

From here it is easy to obtain distributions of the Fermi and Bose type:
v
exp (sik}” ) +1

Thus, even in the absence of a thermostat, equilibrium distributions are established
due to the creation and annihilation of particles.

Note that there are two unknown constants in the expressions for the distributions
(16, 17). In the presence of thermodynamic equilibrium, these constants are related to tem-
perature and chemical potential. However, if the concept of “thermodynamic equilibrium”
is not introduced, then these constants can nevertheless be determined, since the system
has conserved (given) quantities: the total number of fermions and the total energy of the
system. This means that the concepts of “temperature” and “chemical potential” can be
derived from the stationary statistical distribution of particles in a closed system (in the
absence of a thermostat).

Note that if the number of bosons is not conserved (photons), then it is impossible
to formulate the condition for the conservation of the number of particles (the second
condition along with the conservation of the energy of an isolated system). However, in
this case, their chemical potential is zero, and the second condition is not necessary to find
unknown quantities.

The conclusion made can be extended to nonideal systems in which the creation and
annihilation of particles also certainly takes place. Regardless of the type of interaction
potential between particles, in the absence of particle creation or annihilation, the evolution

(ni) = (19)
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of such a system is unitary. Various Hamiltonians of interacting particles in isolated systems
are considered, for example, in [11].

Thus, an isolated system of fermions and bosons, which is in a pure state and described
by a single wave function, as a result of decoherence (measurement) comes precisely to an
equilibrium state with a maximum of entropy. That is, the mixed state in this case simply
coincides with the equilibrium state.

We show that the transition of the pure state of a macroscopic system to a mixed
one can be used to explain the paradoxes of the homogeneity of the universe and the
predominance of matter over antimatter.

4. Mechanism of Thermalization and Solution of the Horizon Problem

Currently, the early stages of the evolution of the universe are modeled both within
the framework of inflationary models and using other approaches [12]. To solve such
problems as homogeneity, flatness of the universe, and others, an inflationary paradigm
has been proposed (see, for example, [13-17]). The disadvantages of inflationary theory
include the large number of unknown parameters, as well as the need to go beyond the
standard model of elementary particles.

The horizon problem describes the fact that we see isotropy in the temperature of the
microwave radiation across the entire sky, but the mechanism that sets the same initial
conditions in the remote parts of the universe is unknown.

As alternatives to inflation, one can consider bouncing cosmologies, within which
the universe existed before the big bang, and its state after the big bang to one degree or
another depends on the state before it [12] and the Penrose conformal cyclic cosmological
model [18].

To solve the problems of flatness, uniformity of the universe, and other problems of
cosmology, it was assumed in [19] that the universe at the beginning of expansion was in
a pure quantum state. Such a statement in relation to the universe requires some auxiliary
(albeit natural) assumptions:

1.  Inthe early stages, the curvature of the universe is absent, and it itself was in a pure
quantum state, characterized by a wave function ¥y.

2. The pure state of the universe is metastable. As a result of interaction with vacuum
fluctuations, after some time Tpure, the universe comes into a mixed state.

3. In a pure state, the universe is a maximally entangled system of many particles,
described by a single wave function.

4. After the transition of the universe from a pure state to a mixed one as a result of
many subsequent births and annihilation of particles, a thermodynamic equilibrium
is formed, that is, the universe is thermalized and warmed up (Figure 2).

Figure 2. Transition of the universe from the pure state to the mixed state.

Such a process of expansion of the universe is in many respects similar to the EPR
(Einstein-Podolsky-Rosen) experiment, when two particles that were initially in a singlet
pure state gradually move away from each other (another variant—two entangled photons
move in opposite directions, as in Bohm’s thought experiment). Moreover, such a pair of
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particles is described by a single wave function. As a result of measuring the parameters of
one of the particles, the second particle instantly also goes into a certain state.

Let us consider some basic properties of entangled particles and patterns of decay of
entanglement. We list some definitions of entanglement [20]:

Entangled states are such states that cannot be simulated by classical correlations.
Another definition is as follows [21]:

Entanglement implies that the whole system cannot be represented as a product of the
subsystems:
Yy AV 1Y 0Y%;.... (20)

One definition is the following [22,23]:

Two identical particles are entangled if their wave functions substantially overlap in the
past (time t1), and these particles have hitherto been unitarily removed from each other
(without radiation or particle absorption) (time ty > t1).

This last definition allows a constructive approach to finding systems in which entan-
glement takes place.

A quantitative characteristic of entanglement is the entropy of partial, reduced density
matrices. That is, we are talking about the entanglement of the subsystems among them-
selves. Entropy, and consequently, the entanglement of a pure system with its environment,
is zero. This indicates that fluctuations of individual parts of the system are interconnected.
Moreover, the greater the degree of their correlation is, the more random they are separately,
since fluctuations in both independently considered parts of the composite system are
caused by a single source—purely quantum fluctuations in the composite system.

Another characteristic of entanglement is consistency [24,25]. There are also other
quantitative characteristics of entanglement [20].

As shown below, the problem of the temperature matching rate of distant regions of
the universe can be solved on the basis of superluminal communication. The problem of
superluminal communication has been considered repeatedly and has various aspects.

For example, in experiments with entangled particles [26], it was found that the
signal for measuring the state of one particle from an entangled pair propagates at a speed
significantly higher than the speed of light.

One argument against spreading information faster than the speed of light is also a
possible violation of the second law of thermodynamics [27]. According to the author, if
there is no interaction between two entangled particles (for example, in an EPR experiment),
when measuring one particle, the state of the second also changes. This change corresponds
to an additional decrease in the entropy of an isolated system. Since such processes are pro-
hibited by the second law of thermodynamics, this is considered by a number of authors as
a prohibition of superluminal communication. However, this argument implicitly implies
that there are thermodynamic parameters in the system, such as entropy, temperature, etc.
For a system in a pure state, there is no reason to introduce any thermodynamic parameters;
therefore, it is impossible to correctly formulate the second law.

Another manifestation of superluminal communication is Wheeler’s delayed choice
experiment. Wheeler’s thought experiment [28] is a variant of an experiment with two
slits (there are also other variants of the experiment: photon in an interferometer, quantum
circuit, quantum eraser [29]), in which one of the slits can be closed after the photon
has passed through both slits but has not yet reached the screen. That is, in fact, the
choice of the structure of the system with which the photon interacts is postponed. This
experiment is currently being implemented, albeit in a slightly different form [30-35]. The
main conclusion from the experiment is that wave or partial properties are not realistic
properties of a quantum system.

It was shown in [36] that an experiment with Wheeler’s delayed choice on two slits
is a natural consequence of the entanglement of a moving photon with gap atoms. The
speed of entanglement is not limited by anything, since it is associated with the exchange
of virtual particles, which are not subject to the restriction of the speed of light.
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Thus, on the basis of experiments, we can conclude that entangled particles can be
connected arbitrarily fast (at least, as far as modern measuring instruments can verify this).

Can information be transmitted faster than the speed of light? No-communication
theorems that limit the rate of information transfer in an arbitrary quantum system answer
this question (see, for example, [37]). However, the speed with which information can
be transmitted from one point in the system to another is another question that is not
directly related to the speed of decoherence and thermalization. During decoherence, an
information channel is not formed, since the interaction is transmitted only in one direction.

Thus, if the scattering particles of the universe were initially entangled with each
other, then these particles would simultaneously pass into their ground state (decay), no
matter how far apart they are from each other. This means that their further thermalization
(associated with the birth and destruction of other particles) will depend on the degree of
entanglement of the initial state, but not on the size of the system.

Thus, the problem of the horizon is solved by the fact that entangled particles experi-
ence decoherence, regardless of what the distance between them is, even if this distance
exceeds the value of ct. Generally, decoherence and thermalization are different processes.
That is, a system in a pure state must first come into a mixed state and then relax to equi-
librium. However, for an important particular case, when the whole system is in a pure,
maximally entangled state, the transition from a pure state to a mixed one in this latter case
coincides with thermalization.

Indeed, if the system is in a pure state, it means that it is simultaneously in all its
permissible states. That is, it is not in some initial unlikely state from which it would have
to come to equilibrium. If it were, for example, in a spatially inhomogeneous state in which
the energy of particles at different points is different, then the characteristic relaxation time
of such a system to equilibrium would be large—on the order of

2
T~ L—, (21)
X
where L is the characteristic size of the system, and x is the thermal diffusivity.

As already shown above, as a result of decoherence (thermalization), the universe
will come to its most likely state with a maximum statistical weight, which corresponds to
equilibrium.

Thus, decoherence of such an entangled system (universe) will occur relatively quickly,
i.e., at a speed independent of its size. It is this property that allows us to solve the horizon
problem.

5. Predominance of Matter over Antimatter as a Consequence of Particle Entanglement

At present, matter substantially prevails over antimatter; therefore, this fact needs
explanation. Indeed, if in the initial period there was the same amount of matter and
antimatter, then two options are possible as a result of annihilation. First, either the one
or the other should have overwhelmingly disappeared, turning into radiation. Second,
neither matter nor antimatter are completely annihilated; thus, the antimatter must remain
somewhere in the universe, along with the matter in the same quantities. Neither the first
nor the second options are experimentally observed.

Starting with the work of Sakharov [38], a number of mechanisms for baryogenesis
were proposed (see, for example, [39—41]), most of which go beyond the standard model
and require additional assumptions. The main conditions for baryogenesis (not directly
related to the inflationary paradigm) are as follows [42]:

1. There must be a physical process that violates the law of conservation of the baryon
number.

2. There must be a violation of the invariance of C (charge symmetry) and CP (charge
conjugation parity symmetry).

3. Aviolation of the state of thermal equilibrium is necessary.
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Violation of CP invariance and violation of conservation of baryon and lepton charge
have been experimentally discovered [42-50]. It remains unclear whether the discovered
properties can explain the asymmetry of matter and antimatter observed at the present time.
There are also a number of models for symmetry and thermal equilibrium violation [41]).

We show that this problem can also be solved on the basis of the decay of the entangled
state of an expanding quantum system. Suppose that initial proto-particles (condensate)
with equal probability can decay into particles |0) and antiparticles |1):

[¥) = c1/0) +c2[1), (22)
(1 =0 = L (23)
1=20 N
Such a situation can, for example, be described using the potential
_ (Y2 1.
U(x) = k(zx 2 ) (24)

In the absence of any asymmetry, the birth of a particle or antiparticle in this case is
a random process. However, since the particles (from which baryons are subsequently
born) are entangled with each other, such a violation will occur immediately in the entire
system and not in its individual areas. That is, the resulting fluctuation will be significantly
enhanced because of entanglement and will encompass the entire system [19]. Then, there
will be either matter or antimatter in the system. If the entanglement between the initial
particles is not complete, then the predominance of matter over antimatter will also be
incomplete, but sufficient for the formation of baryons. As a result, after annihilation of a
part of the matter and antimatter, an excess of one or the other will remain (Figure 3).

F

U(x)

L J

antiparticles particles
Figure 3. Decay of a symmetric pure state.

After the decay of the pure state of the universe, the temperature first rises sharply
due to decoherence, and then the era of radiation domination begins, during which the
temperature begins to decrease. The further evolution of the universe can be described
by well-known models, according to which, after this stage (see, for example, [42]), the
electroweak interaction is separated from the strong one, and then quarks and known
elements are formed.

Consider the annihilation of two types of particles and assume that this is an irre-
versible process in which particles are converted into radiation. We will also assume that
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good mixing of particles occurs in the system, i.e., diffusion terms are small. Then, we ob-
tain a system of equations taking into account changes in the scale factor (the characteristic
size of the universe):

3
w = —KipmmyR3(t), 29
3
d(mfjit(t)) = —KppmnpR3(t). 29
Denote
mR3(t) = x, >
mR3(t) =y, @

as a result, we obtain the system of equations:

dx xy
E - _K12 RT@I (29)
dy _ Xy
i KuRT(t)' (30)
According to the notation
K(t) = K12 R’ © = Mo~ o 31)

subtract the second from the first equation and obtain the solution of the system of equations
in the form

B R} wexp(—a [ K(t)dt)
Ny = WZOR(t)g, x4+ 7120(1 — exp(—(xf K(t)dt)) (32)
, - 3
ny = ny Ry aexp(—a [ K(t)dt) Ko (33)

R(t)> &+ n20(1 — exp(—a [ K(t)dt)) R<t)3lx

If the particle concentrations at the initial moment are equal, then we can make the
limit transition in the obtained solutions. Using L'Hopital’s rule for the fraction on the
right-hand side for small &, we obtain for this case

Rg noo
R(t)® 1+ ngo [ K(t)dt

Np = nqp = (34)

Thus, at large times, if the initial concentrations of particles and antiparticles are
equal, the concentration of the remaining particles will decrease according to a power law
(bearing in mind that in (31) R(¢) can have the power form):

1
Nnyg = nqp ~ tTrl (35)
This means that after time 3
R
E>>1 ~ =2 (36)
K12

a small amount of matter and antimatter will remain, and the universe will consist mainly
of radiation.

If the initial concentrations of particles and antiparticles are not equal (which can
occur as a result of the decay of a pure state), then after a characteristic time (here we use
the Equation (32))

Rj
OCKlz

T ~ (37)
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the second component (the one with smaller initial concentration) will disappear, annihila-
tion will stop, and the first component will remain:

ny = 0, (38)
niy = nip — n20-

In this case, only partial entanglement between the particles of the universe turns out
to be quite sufficient.

It can be seen from the obtained expressions that taking into account the expansion of
the universe does not qualitatively change the picture of annihilation—in this case, only
the time scale changes.

If matter and antimatter do not have time to mix (in this case, diffusion terms will be
added to the right particles of the system of Equations (25) and (26)), then somewhere in
space there will be significant areas occupied mainly by matter or antimatter. However, the
existence of such regions is not confirmed experimentally.

Thus, if at least any significant amount of matter was initially present as “superflu-
ous” in comparison with antimatter, then it will remain in the universe after some time
following annihilation and will make up the substance of the universe known today. This
excess of matter itself could have arisen as a result of the accidental decay of a pure state
simultaneously in the entire universe.

6. Conclusions

An isolated system of bosons and fermions, which has been initially in a pure, maxi-
mally entangled quantum state, comes to equilibrium as a result of decoherence caused by
the creation and annihilation of particles. The time of such a transition does not depend on
the size of the system but is determined only by the properties of the particles and their
degree of entanglement. This phenomenon allows us to solve the horizon problem, since
the transition time of different parts of the universe to equilibrium will not depend on their
sizes, and the transmission rate of the interaction may be greater than the speed of light.
This property also allows us to solve the problem of the predominance of matter in the
universe, since entanglement can provide the initial predominance of matter (antimatter)
in the universe as a whole.
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