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The gravitational mechanism of the radical reduction, comparing with the predictions of the local quantum field
theory, of physical vacuum energy density is considered. It is shown that the account of self-gravitation of the
quantum vacuum fluctuations decreases the total energy of fluctuations of the Planck size to zero, transforming them
in topologically closed configurations. The total energy is defined as the positive self-energy of fluctuation plus the
negative energy of its self-gravitation. By reasons of statistical physics, a hypothesis about the crystal-like ordering of
the whole system of massless ”Planck cells” is suggested. In this massless (or almost massless) crystal-like structure
the subsystem of vacuum condensates with positive energy is integrated. The condition for the topological closure of

Universe allows us to obtain an upper bound for positive energy density in the system close to the currently observed

value.

PACS: 95.35.+d, 98.80.Es

1. INTRODUCTION

The existence of the physical vacuum is the most im-
portant consequence of modern quantum field theo-
ries: the quantum electrodynamics, the Weinberg-
Salam-Glashow theory of electroweak interactions,
and the quantum chromodynamics the theory of
strong interactions. The physical vacuum can be
regarded as a real relativistically invariant quantum
medium (a kind of quantum fluid) filling out all the
world space and realizing the lowest energy state of
quantum fields. One can say that this is a remake
of the classical ”luminiferous ether.” The real parti-
cles such as electrons, positrons, photons, hadrons
etc.as well as all macroscopic bodies are quantum
wave-like excitations of this medium endowed with
certain quantum numbers ensuring their relative sta-
bility. The physical vacuum can be compared with an
ocean with particles being oceanic waves. Waves may
be created and destroyed, but the ocean is eternal.
All modern quantum field theories do not take
into account gravitation, which is regarded as a su-
perweak interaction, and describe local fields in the
continuous Minkowski space without any parameters
of non-locality such as fundamental length. A conse-
quence of locality is the presence of ultraviolet diver-
gences in quantum field theory. For instance, diver-
gent are the integrals describing the field contribu-
tion to the electron mass and charge. There exists a
phenomenological way of treating these divergences,
the so-called renormalization theory, consisting in iso-
lating all such infinities in all orders of perturbation
theory and replacing them by finite experimental val-
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ues of masses and charges. This operation, however,
is not physically and mathematically consistent and
closes the way to the theoretical explanation of the
observed values of masses and charges. In local quan-
tum field theories, the value of the vacuum energy
density also diverges. This infinity is replaced by zero
in the renormalization theory under the assumption
that the energy of all observed particles are measured
from the vacuum energy [1].

The situation,however, fundamentally changes
under the account of gravitation. in general rela-
tivity, every energy density, described by the stress-
energy tensor on the right-hand side of the Einstein
equations, gravitates (i.e., curves the space-time met-
ric). Therefore, one cannot simply neglect the vac-
uum energy density by subtracting its value.

The discovery of dark energy in cosmology and
the estimate of its relatively low value (see the re-
view paper [2] and references therein) raises the is-
sue about the mechanism of radical reduction of the
vacuum energy density with respect to the predic-
tions of local quantum field theories. We will show
here that one of such powerful mechanisms is self-
gravity and gravitational inter-action of the quantum
fluctuations of vacuum. Gravity makes homogeneous
vacuum gravitationally unstable, in a way, similarly
to the Jeans instability of a uniform distribution of
gravitating cosmic gas. Breaking out into ling-living
quasilocal massless cells of Planckian size, the space
of vacuum becomes discrete and crystal-like. Quan-
tum field theory in such a space ceases to be local,
similarly to the quantum theory of quasiparticle in a
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solid body. A fundamental Planck length
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appears in the theory, and the ”curse of divergences”
is lifted from the quantum field theory. In such a
scheme, now there is a prospect for the theoretical
calculation of masses and charges of particles. For
example, one can justify, in a certain approximation,
the following formula for the electron mass [3]:

e? he
Mme = o exp (—A62> ,

which, for A = 1/3 , gives m. ~ 107%7g. If one for-
mally switches off gravity (G — 0 ) and runs Ip to
zero, one gets the original divergence.

Next, from the condition of topological closeness
of the Universe, we obtain the upper bound for the
vacuum energy density close to the currently observed
value.

(2)

2. GRAVITATING FLUCTUATIONS OF
THE VACUUM

In the relativistic domain, the energy and spatial
dimensions of quantum fluctuations of the vacuum in
quantum field theory without account of gravitation
are regulated by the uncertainty relations:

AENt ~h, AE~cAp, ApAqg~h. (3)
Here, At is the lifetime of a fluctuation with energy
AFE, momentum dispersion Ap, and size Aq. Taking
into account gravity, which reduces the total energy

of fluctuation according to the law

NI
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(here, 7 is a numerical coefficient taking into account
the form of a fluctuation; it will be specified below),
one can replace the first of relations (3) by

AEtotAt ~ h . (5)

For long-living fluctuations (At — c0), from (4) and
(5) we obtain the condition

(6)
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It follows from (6) that, under the condition

ctAq
AFE =
nG

(7)

there exist nontrivial fluctuations living infinitely
long. Further, taking into account the second and
third relation in (3), we get the equation for the size
Agq of such a fluctuation:

which gives

(Ag)® ~ n% = nlp”. 9)
From the viewpoint of general relativity, equation (6)
means spatial topological closeness of such gravitat-
ing configurations (see, e.g., [4]). The property of
longevity of such fluctuations (At — co) means that
here we deal with a spontaneous phase transition of
the vacuum with breaking of the translational sym-
metry of the homogeneous system. A gravitational
vacuum condensate is formed.

Thus, the self-gravity of the quantum vacuum
fluctuations turns the space of vacuum into a dis-
crete crystal-like structure [5] consisting of massless
and charge-neutral ”Planck cells” of size (1). In this
case, the energy density of the zero-point oscillations
of the vacuum radically reduces from formally infi-
nite (for local quantum field theories) to finite and
even close to zero. It is this vacuum energy density,
reduced by self-gravity, that constitutes, according to
our idea, the ”dark energy” observed in astrophysics.
It does not appear possible at present to calculate
its value from the first principles because it should
essentially depend on the unknown structure of the
discrete crystal-like space of the vacuum formed by
interacting massless ”Planck cells.” B virtue of their
topological closeness, interaction between such cells
can occur, for example, via quadrupole gravitational
forces [6] and, as a whole, be similar to the van-der-
Waals forces between electrically neutral atoms that
form a crystal.

‘We have considered above the most extreme man-
ifestation of the self-gravity of the vacuum in the
form of gravitational self-closing of fluctuations of the
Planck size. Somewhat lower, but also considerable
reduction of energy is produced, of course, by the
mutual gravity of spatially close fluctuations of small
size.

A substantial contribution into the lowering of the
vacuum energy also comes from the origin of the so-
called vacuum condensates connected with the dy-
namical breaking of various continuous symmetries
in quantum field theory (see, e.g., [7]). These con-
densates are formed by binding of fermion particle-
antiparticle vacuum pairs via strong gauge interac-
tions. In this case, the vacuum of fermionic fields
sort of "bosonizes” and re-duces its energy also by
the suppression of the Pauli principle.

3. ESTIMATE OF THE ENERGY
DENSITY FROM THE CONDITION OF
SPATIAL CLOSENESS OF THE
UNIVERSE

The modern idea that the universe as a
whole should have the topology of a closed three-
dimensional sphere is connected, first and foremost,
with the idea of quantum creation of our universe
from the vacuum od some ”mother universe” [8]. Ini-
tially, the daughter universe is born small and then
starts quickly growing in volume and internal mass
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(energy), for example, in the inflationary regime [9].
The size and energy density in this case are, to a cer-
tain extent, connected by the condition of closeness
and, therefore, one can estimate the density from the
known size. The condition of topological closeness of
a gravitating system, according to general relativity
[4], is accompanied by the zero total energy of such
a system by virtue of the exact compensation of the
positive proper energy (mass) of matter by the nega-
tive contribution from its self-gravity. In a simplified
version, this condition can be written, similarly to

(4), as

AF;,s = Mc? (1 - nGM) =0. (10)

c2a

where a is the size (radius) of such a spherical ”zero-
system,” and 7 is a numerical factor dependent on its
shape. This equation has two roots; one of them is
trivial, M = 0, and the other is non-trivial:

c2

M= —a.

e (1)

For a closed three-dimensional spherical universe, M
is expressed through the mass density p as follows [4]:

(12)

Substituting (12) into (11), we find the connection
between p and a arising from the simplified condition
(10) of the closeness of the universe:

M =271%a3p.

2

plo) = 5o (13)
Simplification in (10) and (13) consists in neglecting
the term ~ @2, which is justified under the condi-
tion a2 < ¢?. Taking into account this "energy of
expansion” of the universe and introducing the Hub-
ble parameter H(t) = a/a, we get the corresponding

Fried-mann equation
c? 8rG

H2(t) + 20 = Tp(t).

(14)

Dividing by H? and introducing the standard nota-
tion p. = 3H?/87G, ¢?/H? = ag?, where ay is the
Hubble radius, we write (14) in the form

2
1+ 2 =L,

15
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Taking into account the known uncertainty in the de-
termination of the modern value of the Hubble para-

meter
km

sMpc’

we obtain the intervals for the corresponding
uncertain-ties for p. and ag:

Hy = (50...80)

(16)

_ —29 9
pe = (0.5..1.3) x 10 el (17)
ag = (1.8..1.1)x10*®cm. (18)

12

We note that relation (15) describes the dependence
of the total density of the proper mass (energy) of
the universe on the critical density (17) and radius
a. The fraction of dark energy in p(a) depends on
the whole physical history of the universe. Observa-
tions give that the fraction of dark energy (~ 72%)
together with dark matter (~ 24%) dominate over
the fraction of baryonic matter (~ 4%). The small-
ness of the fraction of baryons is determined by the
the physics of baryogenesis connected with the break-
ing of the baryon and lepton symmetry in the early
universe and cannot be calculated without the quan-
titative deciphering of this physics.

As regards the fraction of dark matter, here we
only announce the following. In our next papers de-
voted to this issue, we will show, proceeding from
rather general assumptions, that one can justify the-
oretically the observed ratio ppa/ppe =~ 1/3.

In conclusion, we stress that formula (15) is ob-
tained from the requirement of spatial closeness of
the universe necessary for the possibility of its spon-
taneous quantum creation from the vacuum of some
mother universe. This is a very important require-
ment since it is only a closed universe that does not
require external energy for its creation.

We note that the current analysis based on cosmo-
logical observations does not exclude the closed topol-
ogy of the universe. It is clear from (15) that, for
a > ay, the closed model approximately imitates
the flat one, and these models may not be distinguish-
able observationally. A crucial theoretical argument
in favor of a closed universe is the possibility of its
spontaneous quantum creation.

4. THE CONCLUSIONS

From the macroscopic viewpoint, the physical vac-
uum as a continuous medium can be ascribed a stress-
energy tensor of the form [4]

T;u/ = (5 +p)uuuz/ —Puv (19)

where g,,,, is the metric tensor locally coinciding with
the Minkowski tensor

Nuv :diag(l,—l,—l,—l). (20)

The vacuum is, by definition, a Lorentz-invariant
state of quantum fields. The last term in (19) pos-
sesses this property, which is not true for its first
term contain-ing the four-velocity vector u,. Hence,
it follows that the vacuum as a macroscopic medium
should be characterized by negative pressure:

(21)

p=-¢g, T,LLI/:Eg,U.l/'

It is this property that allows one to identify dark
energy with the vacuum energy since the Friedmann
equation for ¢ and equation (21) imply the ”antigrav-
ity” property of the cosmological vacuum [2].
Taking into account the discussion of the previ-
ous sections, one can propose the following work-
ing model of the gravitating physical vacuum. On
Planckian spatial scales, the self-gravity of quantum



fluctuations of the Planck sizes turns them into spa-
tially closed massless ”Planck cells” interacting with
neighbors through quadrupole forces of the type of
van-der-Waals forces. From the physical reasoning
one can expect that this sufficiently rigid subsystem
of vacuum forms a regular quantum-crystal lattice.
This lattice is sort of filled with the mobile part
of the gravitationally bound quantum fluctuations
forming the ”gravitational vacuum condensate” with
positive energy as well as other vacuum condensates
formed by bosonization of the fermionic degrees of
freedom via strong gauge interactions. Vacuum con-
densates as coherent quantum-field subsystems simi-
lar to quantum fluids should be superfluous. In our
future works, by laying this assumption as a basis
for the ”"vacuum condensate” model of dark matter,
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KBAHTOBO-IIOJIEBAAd BAKYYMHAA MOIEJIb TEMHOW SHEPI'UU
| IILU. ®omun |, A.II. Pomuna

PaccMmoTrpen rpaBUTAIMOHHBIN MEXaHU3M PaMKAJIBHOTO MMOHUKEHUsI, TI0 CPABHEHUIO C TPEICKA3AHUIMU JIO-
KaJIbHBIX KBAHTOBBIX TEOPHil TOJIsI, BEJIMINHBI IJIOTHOCTU SHEPruu (PU3MIecKoro Bakyyma. [lokazaHo, 1aro
y9eT CaMOTDABUTAIMH KBAHTOBLIX (DIYKTyaluit BaKyyMa IHOHUKAET MOJHYIO 9HEPIuio (hJIyKTYaluil ILIaH-
KOBCKHUX Pa3MepOoB JI0 HYJIsl, IIPEBPAIas UX B TOMOJOTUYECKN 3aMKHYTble KoHpuUryparmuu. [logHas sHeprus
OTIPEJIETIAETCA KaK COOCTBEHHAs] MOJIOKUTEIbHAsS IHEPIUs (DJIyKTYalMK IUIIOC OTPUIATEIbHAS SHEPIUs €€
camorpasuTaruu. I3 crardusnaeckux cooOparKeHnil BBIIBUTAETCH TUIOTE3a 0 KPUCTAJLIONOI00HOM yIIOPS-
JOYEeHnH BCeil cucTeMbl TaKuX 0e3MaccoBbIX "IIAaHKOBCKUX gueek'. B 9Ty 6€3MaccoBy0 KpUCTAJIONOL00HY IO
CTPYKTYPY Kak ObI BJINTa [IOJICHCTEMA BaKyyYMHBIX KOHJIEHCATOB C TOJIOKUTEIHHON sHeprueii. Vcmnonibp3oBanne
YCJIOBHUS TOIOJIOTUYIECKON 3aMKHYTOCTH BCeeHHOl TO3BOJIAET MOJIYYUTh OIEHKY CBEPXY JJIs ITOJIOXKUTEIb-
HOI TIJIOTHOCTH SHEPIUU CUCTEMbI, OJIU3KYIO K HAGJIIOIAEMBIM 3HATECHUSIM.

KBAHTOBO-IIOJIhOBA BAKYYMHA MOJEJIb TEMHOI EHEPTIII

[TLT o], A.IT. Powina

PosrisuyTo rpasiTamniitnuit MexaHi3M PaJMKaIbHOTO 3HI2KEHHSI, Y MIOPIBHSAHHI 3 TIepeI0aueHHIMU JIOKATBHIX
KBAHTOBUX TEOPi#l MMOJIsA, BEIUINHU TYCTUHN eHepril ¢iszuanoro Bakyymy. Ilokazamo, 1o BpaxyBaHHs CaMO-
rpasiTariii KBaHTOBUX (DJIYKTYAIlil BAKYyyMYy 3HUKYE IMOBHY €HEprito pJIyKTyallii MIaHKiBChKUX PO3MIpiB /10
HYyJIsl, TIEPETBOPIOIOYHN IX y TOIOJIOTIYHO 3aMKHYTI KOH(piryparii. [ToBHa eHepris BU3HAYAETHCS SIK BJIACHA
MMO3UTHBHA, eHepris (IYKTyaIll IJII0C Bif‘eMHa eHeprist 11 camorpasiTarii. 3 crardiziveckix MipKyBaHb BU-
CYBAETHCS TIIIOTE3a MPO KPUCTAJIONOIOHE BIOPSIIKYBAHHS BCIET CHCTEMH TaKuX 0e3MacoBUX "MIAHKIBCHKIX
koMipok". V¥ 1m0 6e3MacoBy KpUCTAJIONOMIOHY CTPYKTYpPY HiOU BIUTA IMiJICHCTEMa BaKyyMHUX KOHJIEHCATIB 3
MTO3UTUBHOIO €HEPTiei0o. BUKOpHUCTaHHs YMOBH TOTOJIOTIYHOI 3aMKHYTOCTI BeecBiTy /103BOJIsi€ OTpUMATH OITiH-
Ky 3BEPXY JIjIsI MIO3UTUBHOI T'YCTUHU €HEPTril cucTeMu, OJU3bKY JI0 3HAYUEHD, 10 CIOCTEPIraJuCh.
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