
Citation: Cherkas, S.; Kalashnikov, V.

Æther as an Inevitable Consequence

of Quantum Gravity. Universe 2022, 8,

626. https://doi.org/10.3390/

universe8120626

Academic Editors: Arundhati

Dasgupta, Alfredo Iorio and Vlatko

Vedral

Received: 22 September 2022

Accepted: 23 November 2022

Published: 28 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

universe

Article

Æther as an Inevitable Consequence of Quantum Gravity
Sergey Cherkas 1,*,† and Vladimir Kalashnikov 2,†

1 Institute for Nuclear Problems, Bobruiskaya 11, 220006 Minsk, Belarus
2 Department of Physics, Norwegian University of Science and Technology, 7491 Trondheim, Norway
* Correspondence: cherkas@inp.bsu.by
† These authors contributed equally to this work.

Abstract: The fact that quantum gravity does not admit an invariant vacuum state has far-reaching
consequences for all physics. It points out that space could not be empty, and we return to the notion
of an æther. Such a concept requires a preferred reference frame for describing universe expansion
and black holes. Here, we intend to find a reference system or class of metrics that could be attributed
to “æther”. We discuss a vacuum and quantum gravity from three essential viewpoints: universe
expansion, black hole existence, and quantum decoherence.
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1. Introduction

From the earliest times, people comprehended an emptiness as “Nothing”, which
consists of absolutely nothing, no matter, no light, nothing. Others are convinced that
“nothing” is unthinkable and a space-time should always contain “something”, i.e., to be
“æther” [1]. From straightforward point of view, the æther represents some stationary
“medium” mimicking some matter and needs a preferred reference frame in which it is
at rest “in tote”. After the development of the quantum field theory (QFT), it was found
that a vacuum actually contains a number of virtual particle–antiparticle pairs appearing
and disappearing during the time of ∆t ∝ 1

m , where m is a particle mass. That leads to the
experimentally observable effects such as anomalous electron magnetic moment, the Lamb
shift of atomic levels [2], the Casimir effect [3], etc. However, although a vacuum is not
empty, a “soup” of the virtual particle–antiparticle pairs is not æther because it does not
prevent the test particles from moving freely due to the Lorentz invariance (LI) of a QFT
vacuum, as it is illustrated in Figure 1. That implies rigid limits on a local LI violation,
and the existence of a preferred reference frame in the framework of QFT [4]. However,
considering gravity seems to insist on the æther existence and the preferred reference
frame due to an absence of a vacuum state invariant relative general transformation of
coordinates. That demands reconsidering an idea of æther [5]. A possibility of the LI
violation was also considered within string theory and loop quantum gravity (see [6] and
references herein), the Einstein-Æther [7], and Horava–Lifshitz [8] theories, and others
(see [9,10] for phenomenological implications). It could also mention the CPT invariance
violation [11], which manifests itself both under Minkowski’s space-time [12,13] and in the
presence of gravity [10,14].

Another argument for a preferred reference frame is the vacuum energy problem. If the
zero-point energy is real, we need to explain why this energy does not influence a universe’s
expansion. One of the solutions is to modify the gravity theory. That may violate the invariance
relative to the general transformation of coordinates. For example, the Five Vectors Theory
(FVT) of gravity demonstrates such a violation, including a LI violation [15].
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Figure 1. Illustration of vacuum influence on the particle propagation in (a) QFT, where the vacuum
loops renormalize the mass and charge of the particle but do not prevent their free motion, and in
(b) QG, where the æther fills space due to the absence of an invariant vacuum state.

2. Vacuum State and QG

The notion of a vacuum state originates from the ground state of a quantum oscillator.
In QFT, the free fields are decomposed into a set of independent field oscillators by Fourier
decomposition. Exited states of the oscillators are treated as particles, i.e., matter (both
massive and massless). Introducing the interaction term leads to the renormalization of a
particle mass and charge, but a one-particle state remains a one-particle state. Consequently,
a one-particle wave packet moves freely with the constant envelope velocity, i.e., with no
in vacuo dispersion [16]. That implies that even in the presence of perturbative interaction,
one could still introduce a LI vacuum state in QFT.

Quantization of GR is too complicated to discuss a vacuum state. Nevertheless, let us
consider a toy QG model regarding this issue. In this model only a spatially nonuniform
scale factor represents gravity a(η, r). It is certainly not a self-consistent approach within
the GR frameworks [17]. Nevertheless, there exists a (1+1)– dimensional toy model [17] in-
cluding a scalar fields φ(τ, σ) = {φ1(τ, σ), φ2(τ, σ) . . . } and a scale factor a(τ, σ) described
by the action

S =
∫

L dτ =
1
2

∫ (
−a′2 + (∂σa)2 + a2

(
φ′2 − (∂σφ)2

))
dσdτ, (1)

where τ is a time variable, σ is a spatial variable, and prime denotes differentiation with
respect to τ. Here, like GR, the scalar fields evolve on the curved background a(τ, σ), which
is, in turn, determined by the fields. The equations of motion is written as

φ′′ − ∂2
σφ + 2α′φ′ − 2∂σα∂σφ = 0, (2)

α′′ − ∂2
σα + α′2 − (∂σα)2 + φ′2 − (∂σφ)2 = 0. (3)

The relevant Hamiltonian and momentum constraints, written in terms of momentums
π(τ, σ) ≡ δL

δφ′(τ,σ) = a2φ′, pa(τ, σ) ≡ − δL
δa′(τ,σ) = a′ is

H =
1
2

(
−p2

a +
π2

a2 + a2(∂σφ)2 − (∂σa)2
)
= 0, (4)

P = −pa∂σa + π∂σφ = 0, (5)

and obey the constraint evolution similar to GR [17]:

∂τH = ∂σP , (6)
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∂τP = ∂σH. (7)

2.1. Quasi-Heisenberg Quantization and a Region of Small Scale Factor: Absence of Vacuum State

It is believed that our universe originates from a singularity in which a scale factor
equals zero. Let us consider a region of small scale-factors first. In this region, it is
convenient to use the quasi-Heisenberg picture [18], in which the setting of the initial
conditions for operators at the initial moment allows quantization of the equations of
motion. In the vicinity of small-scale factors, kinetic energy terms dominate over potential
ones [17,18] so that the equations of motion (2) and (3) reduce to

φ̂′′ + 2α̂′φ̂′ ≈ 0, (8)

α̂′′ + α̂′2 + φ̂′2 ≈ 0. (9)

The solutions of Equations (8) and (9) for two scalar fields φ1(τ, σ), φ2(τ, σ) under
initial conditions, discussed in Appendix A, are written as

φ̂1(τ, σ) = − i
π1

∫ ∞

−∞
θ(σ− σ′)S

(
k(σ′)∂σ′

δ

δk(σ′)

)
dσ′ +

π1

2
√

π2
1 + k2(σ)

ln
(

1 + 2e−2α0

√
π2

1 + k2(σ) τ

)
,

φ̂2(τ, σ) = i
δ

δk(σ)
+

k(σ)

2
√

π2
1 + k2(σ)

ln
(

1 + 2e−2α0

√
π2

1 + k2(σ) τ

)
,

α̂(τ, σ) = α0 +
1
2

ln
(

1 + 2 e−2α0

√
π2

1 + k2(σ) τ

)
,

where the notations are given in the Appendix A.
As one can see, the scalar fields and the logarithm of the scale factor have monotonic

behavior with time. It means that there are no oscillators in the vicinity of small-scale
factors and no possibility of defining a vacuum state. In this situation, a quantum state is
described by the momentum wave packet C[k(σ)] as it is discussed in the Appendix A.

The difference in behavior in the vicinity of small-scale factors and at the epoch of the
quantum oscillators occurrence was known long ago from analysis of the Wheeler–DeWitt
equation solutions for the Gowdy model [19]. Therefore, we simply illustrate this fact in
terms of asymptotic solutions of operator equations.

2.2. String-like Quantization within the Intermediate Region

From the previous subsection one can see that the operator equations of motion
are not the oscillator equations in the vicinity of a∼0, which does not allow defining a
vacuum state. A question arises: Could we define a vacuum state when the fields begin
to oscillate, and quantum oscillators arise? In this region, the fields obey nonlinear wave
Equations (2) and (3), which could not be solved analytically. That complicates using the
quasi-Heisenberg picture, and to obtain some analytical results, we will use bosonic string
quantization [20,21]. The action (1) could be rewritten in the reparametrization invariant
form of a string on the curved background [17]

S =
1
2

∫
d2ξ
√
−g gαβ(ξ)∂αXA∂βXBGA B(X(ξ)), (10)

where ξ = {τ, σ}, XA = {a, φ1, φ2, . . . }, and the metric tensors gµν, GA B(X) are in the
form of

g =

(
−N2 + N2

1 N1
N1 1

)
, G =


1 0 0 . . .
0 −a2 0 . . .
0 0 −a2 . . .

. . . . . . . . . . . .

.
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The particular gauge for the lapse N = 1 and shift N1 = 0 functions results in (1).
The metric tensor gαβ(ξ) describes an intrinsic geometry of a (1+1)-dimensional manifold,
i.e., a (1+1)-dimensional space-time, and it is an analog of the four-dimensional metric of
general relativity. GA B(X(ξ)) represents a geometry of the external space unifying scale
factor and scalar fields and has no direct physical meaning here. The system (10) manifests
an invariance relative to the reparametrization of the variables τ, σ, which is analog of the
general coordinate transformation in GR. The transformations of coordinates τ̃ = τ̃(τ, σ),
σ̃ = σ̃(τ, σ) imply transition to another reference frame for an observer who “lives on
a string”.

For obtaining a vacuum state, the key point is fixing the gauge by taking gµν in the
form of Minkowski’s metric by setting N = 1, N1 = 0, which simplifies the action (10) to
the form

S =
1
2

∫
dσdτGAB(−∂τXB∂τXA + ∂σXB∂σXA). (11)

The momentum

PA =
δS

δ(∂τXA)
= −∂τXA = −GAB∂τXA (12)

and the variable XA obey the canonical commutation relations

[P̂A(τ, σ), X̂B(τ, σ′)] = iGABδ(σ− σ′). (13)

As a zero-order approximation, one may take G to be equal to G, where

G =

 1 0 . . .
0 −1 . . .

. . . . . . . . .

.

Then, it could be possible to develop the perturbation theory on G− G. In zero-order,
XA satisfies the wave equation

X̂′′A − ∂2
σXA = 0, (14)

and the commutation relations (13) can be realized using creation and annihilation operators

X̂A =
∞

∑
k=−∞

1√
2k

(
akAeikσ−i|k|τ + a+kAe−ikσ+i|k|τ

)
, (15)

P̂A =
∞

∑
k=−∞

i

√
k
2

(
−akAeikσ−i|k|τ + a+kAe−ikσ+i|k|τ

)
, (16)

where akA, a+kB obey
[akA, a+qB] = −GABδk,q. (17)

Thus, only when the gauge is fixed by N = 1, N1 = 0, it is possible to define a vacuum
state by akA|0 >= 0. This vacuum state is not gauge-invariant because the dynamic
variable XA satisfies the wave Equation (14) in only this gauge (and in zero-order on G−G).
Moreover, one could see a problem with the definition of the Fock space of quantum states.
Actually, Equation (17) leads to [ak0, a+k0] = −1. That means that the state a+k0|0 > has a
negative norm < 0|ak0a+k0|0 >= −1. To avoid the negative norms, the string theory uses
additional conditions on the physical Fock states | >:

L̂ f | >= 0, (18)

where L̂ f =
∫
(P̂A(τ, σ) + ∂σX̂A(τ, σ))2 f (σ)dσ, and f (σ) is an arbitrary function. Opera-

tors L̂ f obey the Virasoro algebra. It should be noted that the definition of the Virasoro
operators includes the normal ordering [20–22], but it is beyond the concept of our work. If
one accepts the feasibility of using the normal ordering, then the vacuum energy problem
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does not exist at all. However, we intend to refrain from discussing the status of excluding
anomalies in the string theory here.

2.3. Towards a Classical Background

In Section 2.1, it is shown that there is no vacuum state in the vicinity of a small scale-
factor because of an absence of field oscillators. In principle, the quasi-Heisenberg picture
could be used for the description of the subsequent evolution, but it could be done only
numerically because solving the operator equations with the initial conditions is complicated.
Instead, we have used a string-like quantization described in Section 2.2. That allows an
analytical consideration of the vacuum state, but it is only half of the problem because a
further investigation of the perturbation series on G− G is needed. Moreover, the trouble
with the negative norm of the states can be solved based on the Virasoro algebra by the
transition to the D = 26 dimension in the string theory [20–22]. The general conclusion for
us is that the vacuum state is not gauge-invariant and is defined in a single gauge N = 1,
N1 = 0. We could not make some other physical predictions for this region. However,
one could put forward a hypothesis that in the presence of multiple scalar fields, a scale
factor acquires monotonic behavior in time and could be considered classically finally. Such
a situation is studied in the next section and allows for obtaining a number of physical
predictions.

3. Vacuum Energy Problem as a Criterion for Finding the Preferred Reference Frame

The more straightforward problem is to define the vacuum state on a classical back-
ground space-time. Even in this case, the exact vacuum state exists only for some particular
space-time. In other cases, the vacuum state has only an approximate meaning [23]. The
observer moving with acceleration straightforwardly [24] or circularly [25] in Minkowski’s
space-time will detect quanta of the fields. That means that, although an observer could be
in a resting coordinate system, the quantum fields are not in a vacuum state.

Nevertheless, a vacuum state could be defined, for example, in the slowly expanding
universe, where a solution to the vacuum energy problem could serve as a criterion for
choosing a preferred reference frame. The solution implies avoidance of the enormous
zero-point energy density of the quantum fields affecting the universe’s expansion. To do
this, a class of conformally unimodular (CUM) metrics has been introduced [15]:

ds2 ≡ gµνdxµdxν = a2(1− ∂mPm)2dη2 − γij(dxi + Nidη)(dxj + N jdη), (19)

where xµ = {η, x}, η is a conformal time, γij is a spatial metric, a = γ1/6 is a locally defined
scale factor, and γ = det γij. The interval (19) is similar formally to the ADM one [26], but
the lapse function is taken in the form of a(1− ∂mPm), where Pm is a three-dimensional
vector, and ∂m is a conventional partial derivative.

Using the restricted class of the metrics (19), the theory [15] has been suggested in
which the Hamiltonian constraint is not necessarily zero but equals some constant. Such a
theory is known as the Five Vectors theory (FVT) of gravity [15], because the interval (19)
contains two 3-vectors P, N and, moreover, spatial metric can be decomposed into a set of
three triads γij = eiaeja, where index a enumerates vectors of the triads ea.

This theory satisfies the strong equivalence principle (EP) because no additional tensor
fields appear.1 Nevertheless, in contrast to GR, where the lapse and shift are arbitrary
functions fixing the gauge, the restrictions ∂n(∂mNm) = 0 and ∂n(∂mPm) = 0 arise in FVT.
The HamiltonianH and momentum Pi constraints in the particular gauge Pi = 0, Ni = 0
obey the constraint evolution equations [15]:

∂ηH = ∂i

(
γ̃ijPj

)
, (20)

∂ηPi =
1
3

∂iH, (21)
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where γ̃ij = γij/a2 is a matrix with a unit determinant. Equations (20) and (21) admit
adding some constant to H and, in the FVT frame, it is not necessary that H = 0, but
H = const is also allowed. That solves the problem of the main part of the zero-point
energy density.

Let us consider a spatially uniform, isotropic, and a flat universe with the metric

ds2 = a(η)2(dη2 − dx2), (22)

which belongs to a class of (19). Using the Pauli hard cutoff of the 3-momentums
kmax [30,31] reduces the zero-point energy density calculated in the metric (22) to

ρv =
(Nboson − N f erm)

4π2a4

∫ kmax

0
k2
√

k2 + a2m2dk ≈

(Nboson − N f erm)

16π2

(
k4

max
a4 +

m2k2
max

a2 +
m4

8

[
1 + 2 ln

(
m2a2

4k2
max

)]
+ . . .

)
,

(23)

where, for simplicity, bosons and fermions of equal masses are considered.

The main part of this energy density ∼ k4
max
a4 scales as radiation, and it has to cause an

extremely fast universe expansion in the frame of GR. This result contradicts the observa-
tions [32]. In our approach, a constant in the Hamiltonian constraint [15] compensates this
main part of zero-point energy and makes it unobservable.2

The remaining parts in (23) are also huge but assuming the sum rules for masses of
bosons and fermions (the condensates should be taken into account, as well) would provide
a mutual compensation for these terms [31,34]. Of course, all spectrum of the particles in
nature, including unknown now, should be taken into account. The empirical cutoff of
momentums kmax is used in (23), with the hope that some fundamental basis will be found
for that in the future (e.g., like a noncommutative geometry [35–37]), and will provide the
UV completions of QG without a renormalization.

Equation (19) determines the preferred reference frame ensuring an æther existence
and an absence of dipole anisotropy of the cosmic microwave background (CMB) [38].
Otherwise, the question arises: What is the physical foundation of the frame where CMB is
in a rest “in tote”, i.e., does not have a dipole component [39]?

4. Cosmological Consequences of Residual Vacuum Energy

Other contributors to the vacuum energy density are the terms depending on the
derivatives of the universe expansion rate [34,40,41]. Sum rules cannot remove these terms,
but they have the correct order of ρv ∼ M2

p H2, where H is the Hubble constant, and allow
explaining the accelerated expansion of the universe. These energy density and pressure
are [34,40,41]:

ρv =
a′2

2a6 M2
pS0, pv =

M2
pS0

a6

(
1
2

a′2 − 1
3

a′′a
)

, (24)

where, S0 = k2
max

8π2 M2
p

is determined by the UV cut-off of the comoving momenta and the

reduced Planck mass Mp =
√

3
4πG is implied. The energy density and pressure of vacuum

(24) satisfy a continuity equation

ρ′v + 3
a′

a
(ρv + pv) = 0, (25)

and, in the expanding universe, are related to the equation of state pv = w ρv, as Figure 2
(upper panel) illustrates. Using this equation of vacuum state leads to the cosmological
Vacuum Fluctuations Domination (VFD) model [40–42]. According to VFD the universe
behavior at early times, when the scale factor was small, is as freely rolling, i.e., without any
deceleration or acceleration, but it is accelerated at a late time. The deceleration parameter
q(a) = − a′′a

a′2
+ 1 is shown in Figure 2 (lower panel) [42]. The discovery of an accelerated
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universe expansion was a big surprise [43]. However, if the above view of a vacuum is true,
a stage preceding the acceleration should be Milne-like, i.e., linear in a cosmic time. The
Milne-like universes have been much discussed again recently [44–50].

0.0 0.2 0.4 0.6 0.8 1.0

-0.6

-0.4

-0.2

0.0

0.2

0.4

a

w

Figure 2. (Upper panel). Equation of the vacuum state in dependence on the universe scale factor a.
(Lower panel) Deceleration parameter q(a) and the corresponding dispersion channels for the VFD
model (24) and two versions of ΛCDM model.

4.1. Nucleosynthesis in the Milne-like universe

Nucleosynthesis in a slowly expanding universe was considered earlier [51–53]. Here,
we present our calculation for the VFD model, which has a Milne-like stage, as shown
in Figure 2, corresponding to the region where the deceleration parameter q is close to
zero. The calculations have been performed with the PRIMAT code (version 0.1.1) [54,55]
including 423 nuclear reactions. The results of the calculations are presented in Table 1 and
Figure 3. For comparison, the results for the standard cosmological model are also shown.

As expected, there is a very low rate of neutrons during a period of helium formation
in the VFD model (see Figure 3b). That is because an equilibrium between protons and neu-
trons is shifted towards a neutron decay during the slow universe expansion. Nevertheless,
a small amount of neutrons during a long time can create a necessary amount of helium if
baryonic density Ωb ≈ 0.76. From analysis of Supernovae Type-Ia, Cosmic Chronometers,
and Gamma-ray bursts, it was also found that Ωm ≈ 0.87 for the VFD model [42].3 It
means that there is no need for any ad hoc dark matter in the VFD cosmological model
because Ωm ≈ Ωb. Moreover, as it was conjectured in [56], spatially nonuniform vacuum
polarization should be taken into account in the dynamics of the structure formation.

On the other hand, there is a lot of time for the growth of inhomogeneities in the
VFD model [34,57], and the nonlinear regime begins soon after the last scattering surface.
That allows the suggestion that almost all the baryonic matter collapses into eicheons [58],
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which replace the black holes in FVT. There are no strong constraints on the abundance of
black holes in a region of mass M ∼ 1013– 1019 M⊙ [59], and it is possible that the matter
concentrates namely in this region.

In the VFD model, there is no cosmological deuterium production. The amount of
lithium is less than that in the ΛCDM, that alleviates the lithium overproduction problem
of the standard cosmological model. The amount of CNO is 107 times greater compared to
ΛCDM, but it does not contradict the observations [60,61].

(b)(a)

0 50 100 150 200 250 300
t, s

0.1

0.2

0.3

0.4

Xn YP

3x107 108 3x108 109 3x109
t, s

0.1

0.2

0.3

0.4

Xn YP

Figure 3. Dependencies of relative abundances of neutron and 4He on cosmic time dt = adη are given
by red and blue curves, respectively, (a) for standard cosmological model, (b) for the VFD model.

Table 1. Final abundances of light elements in the ΛCDM model at Ωb = 0.049 and the VFD model
at Ωb = 0.87.

ΛCDM VFD

H 0.75 0.75
Yp = 4YHe 0.25 0.25
D/H× 105 2.6 <10−25

3He/H× 105 1.1 <10−8

T/H× 108 7.9 <10−32

(7Li + 7Be)/H× 1010 5.7 2.1
6Li/H× 1014 1.2 <10−25

9Be/H× 1019 9.2 <10−34

10B/H× 1021 2.9 <10−8

11B/H× 1016 3.3 <10−10

CNO/H× 1016 8.0 5.6× 107

It is widely believed that deuterium is produced only cosmologically in ΛCDM, but
for the VFD model, the most plausible and direct way is to create necessary deuterium by
beams of antineutrino arising during a collapse [62] before the formation of eicheons in
the range of M ∼ 1013–1019 M⊙. Their formation is unavoidable in the slowly expanding
cosmologies because there is much time for the collapse of inhomogeneities in contrast to the
standard cosmological model. Indeed, the matter stored in the supermassive eicheons is not
related to “dark matter” observed in rotational curves of galaxies because the latter could
be explained by the vacuum polarization [56]. Other mechanisms of non-cosmological
deuterium production are also discussed [63].

4.2. Notes about Cosmic Microwave Background in the Slowly Expanding Cosmological Models

By this time, there are no trustable studies of the CMB background for slowly ex-
panding cosmological models, and only some heuristic calculations exist [64]. The main
question is the origin of a scale corresponding to the first peak in the CMB spectrum and
the origin of the baryon acoustic oscillations (BAO) ruler [65]. In the standard cosmological
model, this is the sound horizon’s size at the recombination moment. For the Milne-like
cosmology, these quantities must be different [65,66]. Apart from this, the sound horizon
for the Milne-like flat universe is vast and cannot be a scale, which determines the position
of the first CMB peak. Let us hypothesize that the width of the last scattering surface [64]
could be such a scale for VFD.4 In this light, the mechanisms of perturbation growth during
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a recombination period are of interest [67]. As for the BAO ruler, it has to be determined
by the complex nonlinear process in the slowly evolving cosmologies and is not related
directly to the scale corresponding to the first peak of CMB.

5. Size of Eicheon

The concept of æther considered in this work is based on postulating the preferred
coordinate frame, namely, CUM. One more consequence of this hypothesis is a replacement
of the black hole solutions of GR by the so-called “eicheons”. In Ref. [58], the spherically
symmetric solution of the Einstein equations in the CUM metrics (19) was analyzed, and it
was found that the finite pressure solution exists for an arbitrarily large mass. As a result,
there are no compact objects with an event horizon,5 because an “eicheon” appears instead
of a black hole [58].6

In Ref. [58], we have turned from the CUM metrics (27) to Schwarzschild-like in order
to demonstrate that a compact object looks like a hollow sphere with a radius greater than
that of Schwarzschild (see Figure 4).

a b

r f

R f

R i

Figure 4. (a) A compact object of uncompressible fluid with the radius of r f in the CUM metrics (27)
looks as a shell (b) with the boundaries rg < Ri < R f in Schwarzschild’s type metric, where rg is a
Schwarzschild’s radius.

Here, we intend to calculate the radius of a compact object of constant density in the
CUM metrics depending on maximum pressure and density. For a spherically symmetric
space-time, the CUM metrics (19) is reduced to

ds2 = a2(dη2 − γ̃ijdxidxj) = e2α
(

dη2 − e−2λ(dx)2 − (e4λ − e−2λ)(xdx)2/r2
)

, (26)

where r = |x| and α, λ are the functions of r. In the spherical coordinates, Equation (26)
looks as

ds2 = e2α
(

dη2 − dr2e4λ − e−2λr2
(

dθ2 + sin2 θdφ2
))

. (27)

Let us compare (27) with Schwarzschild’s type metrics

ds2 = B(R)dt2 − A(R)dR2 − R2
(

dθ2 + sin2 θdφ2
)

. (28)

The difference between the metrics (26) and (28) is that the metric (28) suggests that
the circumference equals 2πR. However, there is no evidence for this fact in an arbitrary
spherically symmetric space-time. For the metric (26), the circumference is not equal to 2πr
in the close vicinity of a point-like mass. Coordinate transformation t = η, R = R(r) relates
the metrics (27) and (28), while their comparison gives:

B(R) = e2α, (29)

R2 = r2e−2λ+2α, (30)

A(R)
(

dR
dr

)2
= e4λ+2α. (31)
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Using (29), (30) in (31) to exclude λ and α yields

dr
dR

=
R2

r2
A1/2

B3/2 . (32)

For an empty Schwarzschild space-time A(R) = (1− rg/R)−1 and B(R) = 1− rg/R,
whereas in the region filled by matter, A(R) and B(R) obey [72]

d
dR

(
R
A

)
= 1− 6

M2
p

ρR2, (33)

1
B

dB
dR

= − 2
p + ρ

dp
dR

, (34)

where rg = 3m
2πM2

p
. Further, as in [58], we will consider a model of the constant density

ρ(R) = ρ0. In this case, Equations (33) and (34) can be integrated explicitly that gives

A =
R

R− rg − 2ρ0

(
R3 − R3

f

)
M−2

p

, (35)

B =

(
1−

rg

R f

)
ρ2

0
(p(R) + ρ0)2 (36)

and one needs only to find a pressure p(R), which obeys the Tolman–Volkov–Oppenheimer
(TVO) equation

p′(R) = − 3
4πM2

pR2M(R)ρ(R)
(

1 +
4πR3 p(R)
M(R)

)(
1 +

p(R)
ρ(R)

)(
1− 3M(R)

2πM2
pR

)−1

. (37)

It is convenient to measure density and pressure in the units of M2
pr−2

g , so that the
mean density of Schwarzschild black hole ρ0 = m/( 4

3 πr3
g) equals 1/2, while the TOV

limit R f < 9
8 rg gives the value of ρ0 = 1

2
( 8

9
)3 ≈ 0.35. As for the eicheon radius in

Schwarzschild’s type metric, it equals R f = 3
√

R3
i +

1
2ρ0

in the units of rg, where Ri is an
inner radius, which determines maximum pressure. Using

M(R) =
4π

3
ρ0

(
R3 − Ri

3
)

, (38)

for solving the TOV equation for pressure, it is possible to find B, and then solve (32) with
the initial condition r(Ri) = 0 and find the eicheon radius r f = r(R f ) in the CUM metrics.

Let us plot (see Figure 5) the calculated radius of the eicheon in the CUM metrics in
dependence on density ρ0 and maximum pressure, that is, the pressure in the center of a
solid ball in the metric (27). An approaching Ri to unity increases the maximal pressure.
Actual density and pressure in the center of eicheon are defined by the extremal equation
of state, which is the subject of future investigations. However, Figure 5 allows concluding
that the pressure is considerably smaller than the energy density in a region of interest. That
results in a straightforward analytic estimation of the eicheon radius. For the estimation,
one could take pressure equal to some constant (e.g., p(R) = ρ0/10) in (36), or even simply
p(R) = 0. Then one could take Ri = 1, i.e., the Schwarzschild radius and integrate (32)
to obtain

r f =
3

√
3
∫ R f

1

A1/2

B3/2 R2dR ≈
√

3 3
√

11 ρ1/6
0

25/6 , (39)
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where a small “thickness” of the eicheon surface R f − 1 is used, R f is expressed as

R f = 3
√

1 + 1
2ρ0

, and only asymptotic term of large ρ0 is retained. In the ordinary units, the
result reads

r f =
3 35/6 3

√
11 m4/3 6

√
ρ0

4 6
√

2 π4/3M3
p

(40)

and it is slightly unexpected because the eicheon radius rises with the density that turns
out to be a specific manifestation of the CUM geometry.7 In particular, the eicheon of
the Planck density ρ0 = M4

p, which is sometimes considered as a maximal density in

nature [74] has a radius of r f ≈ 0.8 1
Mp

(
m

Mp

)4/3
in the CUM metrics. Looking at the last

equation, one may assume that the large eicheons cannot be very dense. However, r f given
by (39) is not a physical distance but only points out a border of eicheon in the CUM metrics,

whereas the physical distance is given by leiche =
∫ r f

0 eα+2λdr =
∫ R f

1 A1/2dR ≈ 5
24ρ0

.

Figure 5. Dependence of the eicheon radius r f = r(R f ) in the CUM metrics, expressed in the units
of gravitational radius, on the density and maximal pressure (i.e., pressure in the eicheon center).
Pressure and density are in the units of M2

pr−2
g .

Recently, many investigations explored the footprints of black holes manifesting
themselves through star trajectories and a shadow in the accretion disks around the galaxy
centers, gravitational lensing, and gravitational waves from the colliding compact objects
(see footnote 3 on p. 15). These phenomena can be explained from the properties of both
stationary and non-stationary metrics of Schwarzschild and Kerr types, where the radius
of “source” objects is of the order of rg. It seems reasonable to interpret these observations
in the CUM framework and obtain an actual eicheon radius r f using its equation of state.8

The most informative study originates from collisions of ultracompact massive objects
producing the gravitational waves observed by the existing and developing detectors.
At this moment, direct astrophysical observations and, much less, analogous modeling
cannot provide decisive evidence, which would rule out some alternative concepts of
ultracompact massive objects without a horizon (nevertheless, see [76]). One could suggest
that off-horizon properties of an eicheon are the same as for a black hole. However, near-
horizon phenomena like gravitation wave emission in black hole collisions could be most
informative [71,77,78] and the study of these phenomena in the framework of FVT is a
matter for the future.
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6. Decoherence of the Particles Due to Gravitational Potential Fluctuations

Here, we return to the consideration of a locally defined scale factor as an oper-
ator. One more implication of the CUM metrics and æther arises for a gravitational
decoherence [79], which is the subject of the table-top quantum gravity experiments. In GR,
it would not be possible to say that the vacuum fluctuations under Minkowski’s space-time
are small. Actually, for the small vacuum fluctuations, one could turn to the reference
system where they are significant. That means the appearance of the so-called gauge
waves, which are the consequence of the reference frame choice. By restricting the possible
reference systems, it would be possible to reveal the actual vacuum fluctuation influencing
the motion of the massive particles. The main fundamental question is: Does a massive
particle lose its coherence due to interaction with æther? Under Minkowski’s background,
one could write for a locally defined scale factor:

a(η, r) = (1 + Φ(η, r)), (41)

According to [79], the correlator of the Fourier amplitudes for the gravitational poten-
tial in vacuum Φ̂(η, r) = ∑k Φ̂k(η)eikr takes the form

S(τ − η, k) =< 0|Φ̂+
k (η)Φ̂k(τ)|0 >=

∫ ∞

−∞
S̃(ω, k)eiω(τ−η)dω, (42)

where a spectral function S̃(ω, q) is approximately written as [79]

S̃(ω, k) ≈
{ Nall

32π2 Mp
4 , q < ω < 2kmax

0, otherwise.
, (43)

where Nall = Nboson + N f erm is a number of all degrees of freedom.
For a nonrelativistic massive point particle propagating among the fluctuations of the

gravitational potential, the Fokker–Plank equation is:

∂η fk(p) + i(Ep+k/2 − Ep−k/2) fk(p) = −i K1 k
∂ fk
∂p

+ 2iK2 kp ∆p fk(p) + 2iK3 pik j
∂2 fk

∂pj∂pi
, (44)

where fk(p) is a Fourier transform of the Wigner function f̃ (r, p) = ∑k fk(p)eikr. In the
first order on the constants K1, K2, K3 it is possible to write:∫

fk(p, η) f−k(p, η)d3 pd3k ≈ 1− (3K1 + 3K2 + 6K3)
Γ2η2

m
. (45)

This means that the interaction with a vacuum produces decoherence manifesting itself
in the decreasing of “purity” [79] of a particle state according to (45). From Equation (45), the
decoherence time is estimated as

tdec ≈
1
Γ

√
m

3K1 + 3K2 + 6K3
, (46)

and using the approximate expressions for the constants K1, K2, K3, the decoherence length
can be found [79]

Ldec ≈
4Mp

3
√

3 Nallπ m
v
Γ

, (47)

where v is a particle velocity, m is a particle mass, 1/Γ is a localization length of the particle
wave packet. That is, a point-like particle of mass m ∼ 4Mp v

3
√

3Nallπ
loses coherence at a distance

equal to the length of the wave packet 1/Γ. It should be noted that interaction with the
æther does not produce a particle scattering because the momentum distribution f0(p)
does not change. Nevertheless, decoherence arises. That is a fundamental result implying
Lorentz and Galilean invariance violation because one particle state becomes non-pure
quantum state.
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The difference in particle propagation in the QG and QFT is illustrated in Figure 1.
The æther in QG originates from an absence of an invariant vacuum state. The last is
not invariant relatively to the general transformation of coordinates and, in particular
relative to the Lorentz transformation when it is considered as a subgroup of the general
transformation of coordinates.

As regards the decoherence observation (47), such massive point particles are un-
known. A real particle of large mass has a finite size, which restricts momentums trans-
ferred by the particle form factor: q < 1/d, where d is particle size. In this case, the
following estimation arises [79]

Ldec ≈
8π(Mpd)2
√

Nall

v
Γ

. (48)

This quantity seems very large and unobservable. At the same time, the real particles
are not rigid but have internal degrees of freedom and consist of a number of point particles,
so more careful investigation is needed. Moreover, other possible fundamental mechanisms
of decoherence also need investigation [80].

Recently, a gravitationally induced entanglement has attracted great attention (see
e.g., [81–85]). There is no doubt that the nonrelativistic quantum mechanics holds for any
interaction, including gravitational interaction in the form of the second Newton’s law and
any weak external gravitational field [86]. It is also no doubt that the gravitational waves of
linearized gravity are fully analogous to electromagnetic waves and have to be quantized.
Undoubtedly, the second Newton’s law could be interpreted as an exchange by gravitons,
like the Coulomb law can be interpreted as an exchange by photons. In contrast, the
result (47) seems much less trivial because this fundamental decoherence implies the
existence of æther with stochastic properties. Such an æther is absent in quantum electro-
dynamics due to the existence of the LI vacuum state. Implications of the æther in a photon
sector of LI violation [87,88] have to be investigated.

7. Conclusions

To summarize, the CUM metrics gives a sustained basis for quantum gravity physics,
cosmology, and physics of compact astrophysical objects. Although fascinating physics
like closed time-like curves [89–91], time machines [92,93], wormholes [94], and Hawking
radiation [95–97] are excluded in the CUM metrics, these metrics give a fresh impetus to
investigate the real physical phenomena, including the structure formation [34], CMB [64],
the structure of ultracompact astrophysical objects, and search for the decoherence QG
effects and other QG consequences from the vacuum fluctuations of the gravitational
potential. All these phenomena imply to single out the conformally unimodular metrics
corresponding to a reference system, where the æther is at rest “in tote”. Certainly, it
suggests the æther existence per se. In QG, an æther is not simply some background but a
thing that weaves all the physical phenomena into a whole quantum universe.

On the other hand, because black holes are absent in this theory, there is no actual
“eraser” of the information in the CUM metrics. In other words, a wave function of some
particular quantum system is only mixed to a more general wave function, including vac-
uum and, finally, all universe, and the universe’s wave function seems not an idealization,
but a reality conserving all information without any loss [98].
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Appendix A. Quasi-Heisenberg Quantization

For simplicity, it is convenient to consider two scalar fields, φ1 and φ2, that correspond
to a system with three degrees of freedom, including the logarithm of scale factor α = ln a.
As a result, there is only one degree of freedom because the Hamiltonian and momen-
tum constraints allow excluding two of them. Let us discuss a quantum picture of the
system (1), (4) and (5). The quasi-Heisenberg picture suggests that one needs to define
the commutation relations and initial values for operators at the initial moment and then
permit the operator evolution according to the equation of motions. For quantization with
the help of the Dirac brackets (see also [99]), one should set two additional gauge fixing
conditions corresponding to the Hamiltonian and momentum constraints.

Let us take these conditions as

α̂(0, σ) = α0 = const, (A1)

∂σπ̂1(0, σ) = 0, (A2)

i.e., the logarithm of the scale factor and momentum π̂1(0, σ) = π1 are c-number constants
at the initial moment. Generally, that is some time-dependent gauge, which is known only
at an initial moment. Then it is permissible for the commutation relations to evolve.

Dirac brackets could allow calculating the operator commutation relations at the initial
moment, but the equivalent receipt is to set

φ̂2(0, σ) ≡ ϕ(σ), (A3)

π̂2(0, σ) ≡ −i
δ

δϕ(σ)
, φ̂′2(0, σ) = −i e−2α0

δ

δϕ(σ)
(A4)

and express other variables from constraints and gauge conditions to obtain

p̂α(0, σ) =

√
− δ2

δϕ2(σ)
+ π2

1, α̂′(0, x) = e−2α0

√
− δ2

δϕ2(σ)
+ π2

1, (A5)

φ̂1(0, σ) =
i

π1

∫ ∞

−∞
θ(σ− σ′)S

(
δ

δϕ(σ′)
∂σ′ϕ(σ

′)

)
dσ′, (A6)

φ̂′1(0, σ) = e−2α0 π1, (A7)

where the symbol S denotes symmetrization of the noncommutative operators, i.e.,
S(ÂB̂) = 1

2 (ÂB̂ + B̂Â) or S(ÂB̂Ĉ) = 1
6 (ÂB̂Ĉ + B̂ÂĈ + ÂĈB̂ + . . . ) and θ(σ) is a unit

step function. Its appearance in (A6) is the only nontrivial moment that follows from
calculation of the Dirac brackets [100], and we have introduced it here for expressing φ1
from the momentum constraint (5).

The equations of motion (2), (3) should be considered as the operator equations with
the initial conditions (A1), (A3)–(A7).

The second stage of quantization consists of building the Hilbert space where the
quasi-Heisenberg operators act. This stage again begins from the classical Hamiltonian (4)
and momentum (5) constraints. The momentum constraint and corresponding gauge
condition (A2) are resolved relatively the variable φ1 and its momentum π1. Then, these
quantities are substituted to the Hamiltonian constraint, which is then quantized and
considered as the Wheeler–DeWitt equation in the vicinity of the small scale factor a∼0, i.e.,
ln a = α→ −∞. In such a way, we come to(

δ2

δα(σ)
− δ2

δ2 ϕ(σ)
+ π2

1

)
Ψ[α, V] = 0, (A8)

where it is taken into account that π1 is some constant. Space of the negative frequency
solutions of the Equation (A8) constitutes the Hilbert space for the quasi-Heisenberg operators.
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In the general case, the solution of Equation (A8) is of the form of the wave packet

Ψ[α, ϕ] =
∫

C[k] e
∫ (
−iα(σ)

√
π2

1+k2(σ)+ik(σ)ϕ(σ)
)

dσ Dk(σ), (A9)

where only negative frequency solutions are taken and Dk(σ) denotes a functional integra-
tion over k(σ). The scalar product has a form [17,18,101]

< Ψ|Ψ >= i Z ∏
σ

∫ (
Ψ∗[α, ϕ]D̂−1/2(σ)

δ

δα(σ)
Ψ[α, ϕ]

−
(

D̂−1/2(σ)
δ

δα(σ)
Ψ∗[α, ϕ]

)
Ψ[α, ϕ]

)
dϕ(σ), (A10)

where D̂(σ) = − δ2

δϕ2(σ)
+ π2

1 and Z is a normalization constant. The infinite product is
taken over σ-points, and to be understood in a formal sense as representing the result of a
limiting process based on a lattice in σ-space. The scalar product (A10) is independent of
the choice of the hyperplane α(σ).

The mean value of an arbitrary operator can be evaluated as

< Ψ|Â[α,−i
δ

δϕ(σ)
, ϕ(σ)]|Ψ >= i Z ∏

σ

∫ (
Ψ∗[α, ϕ]Â D̂−1/2(σ)

δ

δα(σ)
Ψ[α, ϕ]

−
(

D̂−1/2(σ)
δ

δα(σ)
Ψ∗[α, ϕ]

)
Â Ψ[α, ϕ]

)
dϕ(σ)

∣∣∣∣
α(σ)=α0→−∞

. (A11)

Let us note that the hyperplane α(σ) = α0 along which the integration is performed
in (A11), is the same as it is used as an initial condition for the quasi-Heisenberg operator α̂
in (17). In a more convenient momentum representation π̂2(σ) = k(σ), φ̂2(σ) = i δ

δk(σ) , the
wave function ψ is

ψ[α, k] = C[k] exp
(
−i
∫

α(σ)
√

k2(x) + π2
1 dx

)
. (A12)

Then, the mean value of an operator becomes

< ψ|Â[α(σ), k(σ), i
δ

δk(σ)
|ψ >=∫

C∗[k]e−i
∫

α(σ)
√

k2(σ)+π2
1 dσ Â ei

∫
α(σ)
√

k2(σ)+π2
1 dσC[k]Dk(σ)

∣∣∣∣
α(σ)=α0→−∞

. (A13)

Thus, we have an exact quantization scheme consisting of the Wheeler–DeWitt equa-
tion in the vicinity of small scale-factor (A8), the operator initial conditions (A5) for the
equations of motion and the expressions (A11) and (A13) for calculation of the mean values
of operators.

Notes
1 See [27,28] for EP historical and philosophical overview, and [29] for compatibility of EP with QFT.
2 It should be noted that a mutual cancellation of the bosonic Nboson and fermionic Nboson degrees of freedom removes all the

vacuum energy but demands exact supersymmetry, which was not observed to date [33].
3 However, when one compares Ωb =

8πG ρb
3H2 from nucleosynthesis with Ωm from cosmological observations, the result could

depend on the possible renormalization of the gravitational constant [56]. Then, the gravitational constant measured on the Earth
or the solar system can differ from the constant used in cosmology for the uniform universe.

4 In ΛCDM, the recombination turns out to be almost instantaneous, i.e., the last scattering surface is very thin.
5 The event horizon is a region of space-time that is causality disjointed from the rest of space-time.
6 The observations revealed the phenomena such as ultra-speed star motion, accretion disks around the super-massive and

extremely compact objects (e.g., see [68,69]), and gravitational waves from colliding compact objects of stellar mass [70], which
fit well in the black hole concept. However, the claims about “black hole discovery” should be treated with caution because
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these observations do not rule out completely the alternative theories (e.g., see [71]), which also admit the existence of extremely
compact massive objects with the exterior mimicking a black hole.

7 Here, we obtain primitive geometrical formulas connecting the radius of a compact astrophysical object with its mass and density.
To obtain nontrivial formulas expressing the radius of the object through its mass only, using the physical equation of state is
needed, e.g., nucleonic matter or strange quark matter as it was done in the neutron star physics [73].

8 It could be compared with properties of neutron and exotic stars [75].
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