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Alternative interpretation of relativistic time-reversal and the time arrow
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It is well known that the 4-rotation in four-dimensional space-time is equivalent to the CPT transformation
(C is the charge conjugation, P is the space inversion, and 7T is the time reversal). The standard definition
of the T reversal includes the change of the sign of the time variable and replacement of the initial state of
the particle (system of particles) by the final state and vice versa. Since the time-reversal operation changes
the state of a particle, the particle’s wave function cannot be the eigenfunction of the corresponding operator
with a certain eigenvalue, as in the case of space parity. Unlike the CPT transformation, the separate P, T,
or C transformations cannot be reduced to any 4-rotation. The extended Lorentz group incorporates all the
separate C, P, or T transformations which do not bring the time axis out of the corresponding light cone. The
latter restriction is included in the standard definition of the time reversal. In the present Letter, we ignore
this restriction. This allows us to introduce the “time arrow” operator and characterize every particle by the new
quantum number—the “time arrow” value. The wave functions of all particles are eigenfunctions of this operator
with eigenvalues equal to time arrow values. The particles with the time arrow values opposite to the time arrow
value in our universe form another universe (antiuniverse). The existence of an antiuniverse can be confirmed,
in principle, by laboratory (atomic) experiments. The antiuniverse may be also considered as a candidate for the

role of dark matter.
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The time invariance (invariance under time reversal) of
all the basic equations of motion in classical and quantum
physics remains one of the most long-standing problems in
fundamental physics. The indirect evidence of 7 violation
based on the CPT theorem (C is the charge conjugation, P
is the space inversion, and 7 is the time-reversal operations)
is the observation of CP violation in the decay of heavy
mesons [1]. The search for universal T-violating interactions
in nature started in 1950 in Ref. [2] where it was suggested to
observe the electric dipole moment (EDM) of the neutron in a
magnetic resonance experiment. The existence of EDM of any
particle which is not truly neutral (and the neutron is not truly
neutral) violates both P and T invariance. Later it was found
theoretically that the electron EDM (eEDM) should be greatly
enhanced in heavy atoms and especially in heavy diatomic
molecules [3-6]. In Refs. [4,6] it was also shown that apart
from the interaction of eEDM with an external electric field,
another P, T-odd interaction should exist in atomic systems: A
scalar-pseudoscalar P, T-odd interaction between the atomic
electron and the nucleus. In an external electric field both
P, T-odd interactions lead to the same linear Stark shift of
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atomic levels and cannot be distinguished in any experiment
on a certain species. The most advanced recent experiments
on the observation of P, T-odd interactions in heavy diatomic
molecules [7] are still very far above the values predicted
by the standard model (SM) [8-10]. The first direct obser-
vation of 7 noninvariance [11] is performed again in meson
physics.

It is important to understand what happens to the particles
which undergo such an interaction, e.g., with the electron
in an atom. Trying to understand this, we have found that
the answer is not possible within the standard interpretation
of T reversal in relativistic physics and needs an alternative
interpretation, which is the subject of the present Letter. This
alternative interpretation provides a different contribution to
the recent studies on time symmetry in theoretical cosmology
and results in the possible existence of an antiuniverse as
a candidate for the dark matter which can be in principle
confirmed by laboratory (atomic) experiments.

It is well known that the CPT transformation in four-
dimensional space-time can be reduced to 4-rotation [12].
However, separate C, P, T transformations cannot be reduced
to 4-rotation. The standard extended Lorentz group incor-
porates all these separate C, P, T transformations. However,
transformations which bring the time axis out of the upper
(lower) light cone are forbidden [12] [see Fig. 1(a)]. An
alternative interpretation of time reversal in relativistic the-
ory consists of allowing such transformations [see Fig. 1(b)].
We will refer to the corresponding Lorentz transformation
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(a) (b)

FIG. 1. The two-dimensional images of the four-dimensional
light cones. (a) The time axis transformations allowed in the standard
extended Lorentz group. (b) Additional transformations of the time
axis in the additionally extended Lorentz group.

as the additionally extended Lorentz transformation.! We
should stress that all the details of the standard extended
Lorentz group theory remain untouched if we consider any
transformations allowed in the standard theory. Note that the
conclusion of the observation of 7" noninvariance in Ref. [11]
was made on the basis of the standard interpretation of time
reversal. However, the allowance of the additional transforma-
tions in Fig. 1(b) leads to the arrival of other properties, absent
in the standard theory.

The standard definition of time reversal consists of (1) a
change of the sign of the time variable and (2) an interchange
of the initial and final states. Then the time-reversal operation
T transforms a certain state of a particle to another state. The
wave function of a particle ¥, with a certain 4-momentum
p cannot be the eigenfunction of 7' with a certain eigenvalue
unlike the case of space inversion operation P. The wave func-
tion of a particle is the eigenfunction of P with the eigenvalue
P (space parity),

Py, =Py, (1)

where P = +£1. In the case of an additionally extended
Lorentz group [Fig. 1(b)] the second condition in the defini-
tion of the time-reversal operation 7" is not necessary since the
change of the sign of the time axis is allowed. The requirement
to exchange the initial and final states was introduced by
Wigner in Ref. [14] to restore the correct dependence of the
particle’s wave function on the time in the process of the time
reversal. In the case of an alternative interpretation, the same is
achieved by the change of the direction of the time axis. Then
the wave function of a particle can be made an eigenfunction
of some operator A (see below) with eigenvalue A,

Ayp = Ay, @)

'In Ref. [13] the Lorentz group which includes the additionally
extended Lorentz transformations is called a full Lorentz group.

where ¥§ is the charge-conjugated wave function, A = %1
corresponds to the direction of the time axis, the “time arrow,”
and becomes the characteristic of every particle. This operator
can be called the “time arrow operator.” Equation (2) is the
main consequence of the alternative definition of the time
reversal in the relativistic theory.

Here, we have to comment on the use of the term “time
arrow.” Commonly it is employed in a somewhat different
sense. Introducing the alternative definition of the time rever-
sal, we have to distinguish between “mechanical” time which
enters in all equations of motion, and “thermodynamical”
time which governs thermodynamical processes and decay
processes of complex systems. The thermodynamical equa-
tions (as any conductivity equation) are not time invariant
and the decay processes for complex systems are also time
irreversible (see the recent discussion of the thermodynamical
time arrow in Refs. [15-19]). The thermodynamical time, in
principle, does not necessarily coincide with mechanical time
and is not necessary for describing decay processes. It can
be replaced by some decay characteristics. The most obvious
choice is entropy (see Refs. [15-17,19]). As far as we know
the term time arrow was used to fix the direction of thermody-
namical time, in particular, the direction of decay processes.

Unlike thermodynamical, the mechanical time cannot be
excluded from the theory (quantum or classical) since rela-
tivity loses its sense without time. In this Letter, we consider
only mechanical time, and our definition of the time arrow
quantum number in Eq. (2) is pure mechanical. Connection
between the mechanical and thermodynamical time, though
discussed in Refs. [15-17,19], requires further investigation.

Now let us consider how the time-reversal operator Tj
corresponding to an additionally extended Lorentz transfor-
mation acts on the field operators (for simplicity we consider
the scalar field with the particle’s spin zero). The situation
with spin-1 and spin-1/2 particles differs mainly in the neces-
sity to consider the behavior of polarization with time reversal.
In this Letter, we will not be interested in the polarization
description.

Below we follow the considerations given in Ref. [12] for
the ordinary 7" operation. The field operator for the scalar field
in the second quantization representation looks like

7 _ L ~ —iet+ipr | p+ iet—ipr

v(r, 1) Xp: @[ape +bie I 3)
Here, a, is the particle annihilation operator, and 13; is the
antiparticle creation operator. Summation is extended over
the particle’s momentum values p, € is the particle’s energy,
and r and ¢ denote space and time coordinates, respectively.
Expression (3) should be invariant under a standard extended
Lorentz transformation (including space and time inversion)
with an interchange of particles and antiparticles. For the
creation and annihilation operators, this means

ap — b, by —af. )

On the other hand, expression (3) should be invariant with
respect to the CPT transformation. For the creation and anni-
hilation operators in Eq. (3), P transformation is

Piay — +a_,, by — +b_y, ©)
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and C transformation is [12]

C:ap— by, by— ay. ©)
Then from the condition that CPT transformation coincides
with an extended Lorentz transformation for Eq. (3), for a

standard 7' transformation it follows
T:ay— xat,, by — £bt,. (7

The transformation Eq. (7) has an evident physical sense [12]:
With the time reflection the momentum of the particle changes
its sign and the beginning of the process is interchanged with
its end.

Now we turn to the additionally extended Lorentz trans-
formation when the time axis changes its sign. With this
transformation in Eq. (3) the signs change twice: Once due
to the change the sign of variables p, ¢ and then due to the
change of the time axis direction. As a result, the creation
and annihilation operators in Eq. (3) remain intact: Instead of
Eq. (4) we formally write

ap — ap, bp — bp. 8)
Now we have to choose the transformation YA“A in the form,
necessary to obtain Eq. (8) in combination with Egs. (5)
and (6). This choice evidently is

Ty ap— £b_y, by — Fa,. ©)
The physical sense of the transformation Ty is clear from
Eq. (9): The particle’s momentum changes its sign and the
particles and antiparticles interchange with each other. Now
it becomes evident how the operator of the “time arrow” A in
Eq. (2) should look like,

A=T,=CP. (10)

The signs &+ in Eq. (9) correspond to the two values of the
quantum number A in Eq. (2) and denote the two possible
directions of the time axis (time arrow) in our alternative
interpretation of the time reversal.

It is easy to check that the operator A commutes with the
Hamiltonian [12],

A =" elagay + bbp), (11)
P
[HA]. =0, (12)

i.e., the time arrow A can be really considered as the additional
quantum number which characterizes the properties of parti-
cles. This can be done simply by changing the notation of the
summation variable in Eq. (10), p = —p.

Tracing the cosmological history for particles with both
time arrow values (A = =£1) it is convenient to choose the Big
Bang (BB) time as the zero point for both directions of the
time arrow.

It is also natural to suppose that at the creation of the
universe, particles with both time arrow values did arrive, not
necessarily in equal amounts and not necessarily in amounts
coinciding with the amounts of particles and antiparticles. We
can also think that the particles with the time arrow opposite to
the time arrow in our universe formed another universe similar
to ours. Though, according to Eq. (2), the particles in the other

A/

A//

A

FIG. 2. The Feynman graph corresponding to the process of
photon emission (absorption) in the theory with an alternative de-
scription of the time reversal. The solid lines as in the standard QED
denote the electrons (positrons). The wavy line denotes the the pho-
ton. The indices A correspond to the time arrow quantum numbers.
The indices for all other quantum numbers are omitted. The indices
x, T at the vertex refer to the space-time variable x = (¢, r) and to the
“time arrow variable” 7. The integration over x and summation over
7T is assumed.

universe differ from the particles in our universe only by the
time arrow, we will refer to this universe as the antiuniverse.

The events, occurring in the antiuniverse after BB (accord-
ing to the antiuniverse time arrow), according to our time
arrow have happened before the BB. In general, the future in
the antiuniverse (according to its time arrow) corresponds to
the past, according to the time arrow of our universe, and vice
versa: Our future is the past with respect to the time arrow of
the antiuniverse.

To understand whether the interactions between two uni-
verses are possible, we consider first the electromagnetic
interactions. In principle, the whole construction of quantum
electrodynamics (QED) remains unchanged.

The time variable ¢ changes from r = —oo to t = 400 as
in the standard QED. All the derivations and formulas remain
the same including the renormalization scheme. Only the new
quantum number A = *1 is added. We consider first the pro-
cess of emission (absorption) of the photon with an arbitrary
time arrow by an atomic electron also with an arbitrary time
arrow. For this purpose we will use the standard Feynman
techniques with additional indices corresponding to the time
arrows of the particles. The process of the photon emission by
an atomic electron will be described by the Feynman graph in
Fig. 2. The introduction of the time arrow quantum number A
and the time arrow variable t is similar to the introduction of
particle spin and spin variables.

We present the wave function of any particle in the form

Yalx, 7) = Wx)na(z), 13)

where 14 (1) is the component of spinor 1,4, and the time arrow
variable takes only two values 7 = =£1. It is convenient to

L022052-3



T. ZALIALIUTDINOV et al.

PHYSICAL REVIEW RESEARCH 4, 1022052 (2022)

choose
na(t) = daz. (14)

All other quantum numbers are omitted in Eq. (13). Then
using the standard Feynman technique and retaining only the
dependence on the time arrow variables, we can present the
transition probability corresponding to the process in Fig. 2 in
the form

2

Waar ~ . (15)

D (@nar(tmao)

Using the equality (14) we find
2

WAA’ ~ = SA’A”SA”A' (16)

> na(@mar (t)na(r)

This means that the photon emitted in the antiuniverse cannot
be absorbed (detected) in our universe and vice versa. More-
over, it is easy to show that any electromagnetic interaction
between the particles of the antiuniverse and the particles of
the ordinary universe is absent.

Here, we have to mention that the various cosmologi-
cal scenarios with extra universes and the backward time
directions were already constructed by several authors for
explaining the dark matter. The simultaneous creation of the
universe and antiuniverse via the Big Bang was suggested in
Refs. [20,21]. In Ref. [22] a model was suggested where the
dark matter was provided by the fields evolving back in time
and acting in the regions with high metric curvature where the
causality loses its sense. On the contrary, in Ref. [23] it was
argued that the causality is always present in the quantum field
theory and defines the direction of the time arrow. However,
in all these works the time arrow operator Eq. (10) and its
eigenfunctions and eigenvalues Eq. (2) were never introduced.

The antiuniverse can be compared with the mirror universe,
the existence of which was suggested in Refs. [24,25]. This
universe should contain right (R) currents instead of the left
(L) currents in the existing standard model and was introduced
to restore the balance between the right and left, i.e., P invari-
ance in nature. In this sense, we can say that the introduction
of antiuniverse could restore the CP (combined) invariance,
suggested by Landau [26]. Both restorations, however, fail
due to the inequality of the total amount of dark and ordinary
matter.

In Ref. [25] it was proved that the existence of electromag-
netic interactions between L and R particles would contradict
the experimental data of the decay of 7° mesons. Therefore
in Ref. [25] it was postulated that the electromagnetic (and as
well strong) interactions between the L and R particles should
be prohibited. The gravitational interaction between the L and
R universes still remains. This makes the mirror universe one
of the candidates for the role of the dark matter [27].

An electromagnetic interaction between the particles of
the antiuniverse and the ordinary universe is strictly prohib-
ited [see Egs. (15) and (16)]. Due to the similar structure
of the QED and QCD (quantum chromodynamics) theories,
this should concern also strong interactions. Very small CP-
violating weak interactions between two universes will be
discussed at the end of this Letter.

Howeyver, for the gravitational interactions between both
universes, the situation is different. The interaction potentials
between the two gravitating bodies following classical general
relativity (GR) depend only on the space, but not on the time
intervals between these bodies [28]. Two gravitating bodies
from two different universes are always divided by the time
interval but may be located at the same space point, i.e., may
interact with each other. In quantum gravity, the gravitons
(quants of the gravitation field) are massless tensor particles.
Such particles may interact simultaneously with two different
fields, one with a positive time arrow and another with a
negative time arrow. Hence the arguments given above for
the impossibility of an electromagnetic (strong) interaction
between the particles from different universes are not valid
anymore.

Finally, we can try now to answer the question that was
mentioned at the beginning of our Letter: What happens with
the particles after they undergo an interaction that reverses the
time direction? We will discuss this question on the basis of
an alternative interpretation of the time reversal suggested in
this Letter. It is convenient to start with the discussion of the
P, T-odd interaction of an atomic electron with the nucleus in
a heavy atom (molecule). The Hamiltonian of this interaction
looks like [4,6,29]

Hpr = iGrgprvoysp(r), a7

where Gr is the Fermi constant, gpr is a dimensionless
constant depending on the particular model of the P, T-odd in-
teraction [9,10], p(r) is the distribution of the nuclear density,
r is the electron coordinate in an atom (molecule), 3, and s
are the Dirac matrices. The factor gp7 defines the smallness
of the P, T-odd interaction, i.e., the level of CP violation. The
CP violation within the standard model (SM) originates from
the phase factor in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix when all three generations of quarks are taken into
account. With three generations this phase cannot be excluded
by any quark rotations. To keep this phase when calculat-
ing the amplitude of electron-nucleus P, 7T-odd interaction in
atoms it is necessary to consider a four-loop quark vertex
on the electron line when using the two-photon exchange
model [9] or three-loop vertex when using the Higgs boson
exchange model [10] for the scalar-pseudoscalar P, T-odd
interaction between the electron and the nucleus in the atom
(molecule).

It can be proved that the Hermitian P, T-odd interac-
tion Hamiltonian can be only of the scalar-pseudoscalar or
tensor-pseudotensor type [29]. The operator Eq. (17) is of
the scalar-pseudoscalar type where the electron current is
pseudoscalar (the ys matrix is acting on the electron vari-
ables). This contribution is dominant compared to the nuclear
pseudoscalar contribution. The tensor-pseudotensor interac-
tion corresponds to the interaction of an electron (free or
atomic one) EDM with an external electric field. In an external
electric field, the interaction Eq. (17) produces the linear Stark
shift of atomic levels, the observation of which is the goal of
modern experiments.

In this Letter we are interested in another problem:
Whether it is possible to observe the P, T-odd effects con-
nected directly with the interaction Eq. (17), in the absence
of an external field.

L022052-4
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Since the operator Hpr changes the sign of the time, the
matrix element (A(4-1)|Hp7|A(—1)) should correspond to the
transition between “contemporary” universes (A = +1) and
(A = —1), i.e., between the world and antiworld at the same
stage of development. Formally, using the algebraic represen-
tation Eq. (14) for the time arrow parts of wave functions 14
we can replace the factor i in Eq. (17), responsible for the time
noninvariance, by the operator i = PA=+12A = —1).
The probability of such a transition (transition rate) should
look like

2 2
Wpr = ?|<A(+1)|HP,T|A(_1)>| . (13)

Equation (18) is written for the transition of electrons, there-
fore m in Eq. (18) is the electron mass. The factor 1/m
in Eq. (18) is introduced for the proper normalization. The
probability Eq. (18) corresponds to the process of sponta-
neous decay (ionization) of the ground state of an atom. Most
probably the inner electron will undergo the transition, i.e.,
disappear (it transits to the antiuniverse from our universe),
since the nuclear density p(r) scales as Z3 (Z is the nuclear
charge). The electron should disappear for the observer in our
universe since as a result of the transition it will become a
particle in the antiuniverse and will no longer interact with the
particles in our universe.

In principle, the same effect (disappearance of the elec-
tron due to the transition to another universe, i.e., the charge
exchange between two universes) may occur with the free
electron, and in an external electric field due to the tensor-
pseudotensor interactions between the eEDM and electric
field. However the P, T-odd interactions of bound electrons
in heavy atoms (molecules) are strongly enhanced and the

experiments with free electrons in electric fields are more
difficult.

For the constant gp7 in Eq. (17) we can use an estimate
for the model interaction Hp7 as an exchange by the Higgs
boson between the electron and the nucleus in an atom [10].
This estimate reads gpr = 107°. Then in relativistic units
(h=c=1)

(A=+1|Hprl|A = —1) = 107°Gp(maZ)’, (19)

where « is the fine-structure constant. Employing the value
of the Fermi constant Gr = 10’5(m/m,,)2, where m,, is the
proton mass, setting Z ~ 100, and going over from relativistic
units to s~! we find

Wpr 2 10720 571, (20)

For the heavy atoms the process of the electron transition
to the antiuniverse should be accompanied by the x-ray emis-
sion. The observation of the small effects of spontaneous x-ray
emission may be indistinct in the background of the natural
production of high-energy photons by cosmic ray interactions
with atoms, etc. This situation is similar the proton decay in
the hydrogen atom in a huge water detector [30]. The expected
rate of the proton decay is W, ~ 10732 s~!. The probability of
the electron transfer to another universe in hydrogen (Z = 1)
is the same Wp 7 ~ 10732 s~!. But in this case the effect can
be detected only by the change of electric charge within the
detector.

The most important consequence of our proposed alterna-
tive interpretation of time reversal is of course the existence
of antiuniverse and the possibility to consider this universe as
a source of dark matter. It is important also that in “principle”
there is a possibility to confirm the existence of an antiuni-
verse in laboratory experiments.

[1] J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,
Evidence for the 27 Decay of the K Meson, Phys. Rev. Lett.
13, 138 (1964).

[2] E. M. Purcell and N. F. Ramsey, On the possibility of electric
dipole moments for elementary particles and nuclei, Phys. Rev.
78, 807 (1950).

[3] P. Sandars, The electric dipole moment of an atom, Phys. Lett.
14, 194 (1965).

[4] P. Sandars, in Atomic Physics 4, edited by G. zu Putlitz, E. W.
Weber, and A. Winnacker (Springer, Boston, 1975), pp. 71-92.

[5] O. Sushkov and V. Flambaum, Parity breaking effects in di-
atomic molecules, J. Exp. Theor. Phys. 48, 608 (1978).

[6] V. G. Gorshkov, L. N. Labzovskii, and A. N. Moskalev, Effects
of nonconservation of spatial and temporal parities in spectra of
diatomic molecules, J. Exp. Theor. Phys. 49, 209 (1979).

[7] V. Andreev, D. G. Ang, D. DeMille, J. M. Doyle, G. Gabrielse,
J. Haefner, N. R. Hutzler, Z. Lasner, C. Meisenhelder, B. R.
O’Leary, C. D. Panda, A. D. West, E. P. West, X. Wu et
al. (ACME Collaboration), Improved limit on the electric
dipole moment of the electron, Nature (London) 562, 355
(2018).

[8] Y. Yamaguchi and N. Yamanaka, Quark level and hadronic
contributions to the electric dipole moment of charged leptons
in the standard model, Phys. Rev. D 103, 013001 (2021).

[9] M. Pospelov and A. Ritz, CKM benchmarks for electron electric
dipole moment experiments, Phys. Rev. D 89, 056006 (2014).

[10] D. V. Chubukov and L. N. Labzowsky, Pt-odd electron-nucleus
interaction in atomic systems as an exchange by Higgs bosons,
Phys. Rev. A 93, 062503 (2016).

[11] J. P. Lees et al. (The BABAR Collaboration), Observation of
Time-Reversal Violation in the B® Meson System, Phys. Rev.
Lett. 109, 211801 (2012).

[12] V. Berestetskii, E. Lifshits, and L. Pitaevskii, Quantum Elec-
trodynamics (Oxford Butterworth-Heinemann, Oxford, U.K.,
1982).

[13] S. Weinberg, The Quantum Theory of Fields (Cambridge Uni-
versity Press, Cambridge, U.K., 1995), Vol. 1.

[14] E. Wigner, On the quantum correction for thermodynamic equi-
librium, Phys. Rev. 40, 749 (1932).

[15] L. Maccone, Quantum Solution to the Arrow-of-Time
Dilemma, Phys. Rev. Lett. 103, 080401 (2009).

[16] D. Jennings and T. Rudolph, Comment on “Quantum Solution
to the Arrow-of-Time Dilemma”, Phys. Rev. Lett. 104, 148901
(2010).

[17] T. B. Batalhdo, A. M. Souza, R. S. Sarthour, I. S. Oliveira, M.
Paternostro, E. Lutz, and R. M. Serra, Irreversibility and the
Arrow of Time in a Quenched Quantum System, Phys. Rev.
Lett. 115, 190601 (2015).

L022052-5


https://doi.org/10.1103/PhysRevLett.13.138
https://doi.org/10.1103/PhysRev.78.807
https://doi.org/10.1016/0031-9163(65)90583-4
https://doi.org/10.1038/s41586-018-0599-8
https://doi.org/10.1103/PhysRevD.103.013001
https://doi.org/10.1103/PhysRevD.89.056006
https://doi.org/10.1103/PhysRevA.93.062503
https://doi.org/10.1103/PhysRevLett.109.211801
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevLett.103.080401
https://doi.org/10.1103/PhysRevLett.104.148901
https://doi.org/10.1103/PhysRevLett.115.190601

T. ZALIALIUTDINOV et al.

PHYSICAL REVIEW RESEARCH 4, 1022052 (2022)

[18] G. Rubino, G. Manzano, and C. Brukner, Quantum superposi-
tion of thermodynamic evolutions with opposing time’s arrows,
Commun. Phys. 4, 251 (2021).

[19] S. Goldstein, R. Tumulka, and N. Zanghi, Is the hypothesis
about a low entropy initial state of the universe necessary for
explaining the arrow of time? Phys. Rev. D 94, 023520 (2016).

[20] L. Boyle, K. Finn, and N. Turok, CPT-Symmetric Universe,
Phys. Rev. Lett. 121, 251301 (2018).

[21] L. Boyle and N. Turok, Quantum causality and the arrows of
time and thermodynamics, arXiv:2109.06204.

[22] E. Alvarez, Exercise: Dark Matter as fields that evolve back-
ward in time, arXiv:1803.08531.

[23] J. FE. Donoghue and G. Menezes, Quantum causality and the
arrows of time and thermodynamics, Prog. Part. Nucl. Phys.
115, 103812 (2020).

[24] T. D. Lee and C. N. Yang, Question of parity conservation in
weak interactions, Phys. Rev. 104, 254 (1956).

[25] 1. Y. Kobzarev, L. B. Okun, and I. Y. Pomeranchuk, On the
possibility of experimental observation of mirror particles, Sov.
J. Nucl. Phys. 3, 837 (1966).

[26] L. Landau, On the conservation laws for weak interactions,
Nucl. Phys. 3, 127 (1957).

[27] S. 1. Blinnikov, Mirror matter and other dark matter models,
Phys. Usp. 57, 183 (2014).

[28] L. D. Landau and E. M. Lifshitz, Field Theory (Pergamon Press,
Oxford, U.K., 1965).

[29] 1. B. Khriplovich, Parity Nonconservation in Atomic Phenom-
ena (Gordon and Breach, Philadelphia, 1991).

[30] S. Weinberg, The decay of the proton, Sci. Am. 244, 64
(1981).

L022052-6


https://doi.org/10.1038/s42005-021-00759-1
https://doi.org/10.1103/PhysRevD.94.023520
https://doi.org/10.1103/PhysRevLett.121.251301
http://arxiv.org/abs/arXiv:2109.06204
http://arxiv.org/abs/arXiv:1803.08531
https://doi.org/10.1016/j.ppnp.2020.103812
https://doi.org/10.1103/PhysRev.104.254
https://doi.org/10.1016/0029-5582(57)90061-5
https://doi.org/10.3367/UFNe.0184.201402h.0194
https://doi.org/10.1038/scientificamerican0681-64

