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Abstract: The Higgs mechanism, as responsible for the first inflation, powers the initial accelerated ex-
pansion and further preheating via the symmetry breaking from its false vacuum state corresponding
to the Sitter vacuum of the GUT scale with Λ = 8πGρΛ, whose decay provides necessary energetic
support. Here we address the question of the possibility of symmetry restoration of the Higgs field
at the presently observed vacuum scale which would make it responsible for the today value of the
cosmological constant λ = 8πGρλ. We find the existence of the possibility of symmetry restoration in
the minisuperspace model of quantum cosmology and show that λ today must have a non-zero value.
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1. Introduction

The Higgs mechanism [1–3], as responsible for inflation, refs. [4–18] generically in-
volves the de Sitter vacuum (false vacuum of the Higgs field) of the GUT scale Λ = 8πGρΛ,
which supports the accelerated expansion and powers the following stage—preheating—
via the symmetry breaking of intrinsically involved scalar fields [19] (for a recent review,
see [20,21]). At this stage the de Sitter vacuum decays into heavy Higgs and scalar particles
which in turn quickly decay into the lighter species leading to the radiation-dominated
stage [22–26] (for a review, see [27]).

Starting from symmetry breaking of the Higgs scalar field(s), the universe evolution
goes consequently to its present state dominated by a dark energy with a negative pressure
p = wρ, w < −1/3 [28–30] and the best fit w = −1, p = −ρ corresponding to the de Sitter
vacuum with the cosmological constant λ = 8πGρλ, reported by observations today [31–34]
(for a review, see [35]).

In this paper, we consider a possibility of symmetry restoration of the Higgs field at
the presently observed vacuum scale, which would make the Higgs field responsible for
the today value of the cosmological constant. We apply the approach based on quantization
of the cosmological constant [36] envisaged by the gauge noninvariance of quantum
cosmology [37] which leads to a connection between a choice of the gauge and quantum
spectrum for a certain physical quantity that can be specified in the framework of the
minisuperspace model.

The key point is that the spontaneous symmetry breaking of the Higgs scalar fields
implicitly and inevitably also involves the breaking of spacetime symmetry from the
de Sitter group, when the symmetric false vacuum of the Higgs field—the maximally
symmetric de Sitter vacuum

Tk
i = ρvacδk

i = (8πG)−1Λδk
i (1)

evolves to its true vacuum state or to another vacuum state with the reduced symmetry as
compared with (1) [38], releasing a vacuum energy driving inflation and further preheating
(for a review, see [39]).

The analysis of the data of cosmological observations tells us that (i) in all presented
inflation models with the initial de Sitter state, the de Sitter vacuum supports the accel-
erated expansion independently on an underlying particular model [40–42] (for a review,
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see [43,44]), and (ii) various models for dark energy (for a recent review, see [35]) lead to
the equation of state p = −ρ unambiguously identified as the de Sitter vacuum.

In fact, the cosmological observations testify for the spacetime symmetry breaking
at the beginning of the universe evolution, at the GUT scale ∼1015 Gev, and suggest the
spacetime symmetry restoration at achieving the stage dominated by the today value of
the cosmological constant.

The standard model of particle physics provides the possibility of symmetry breaking
from the false vacuum state at the GUT scale supporting the first inflation, and envisages
the symmetry restoration of the Higgs field at the electroweak scale and its further breaking
for supplying with masses vector bosons mediating the weak interactions (see [45] and
references therein).

In this paper, we analyze the possibility of symmetry restoration for the Higgs field
to its false vacuum state at the energy scale corresponding to the today value of the
cosmological constant, conditioned by restoration of spacetime symmetry to the de Sitter
vacuum state.

2. From Symmetry Breaking to Symmetry Restoration

In the literature there are a lot of papers devoted to the dynamics of vacuum density
related to cosmological constant by (1), and motivated by the search for a possible solution
to the cosmological constant problem [46]. Most of them apply the models for cosmic
vacuum density evolving with the expansion rate [47–54], and the models with decaying
or relaxing the cosmological constant [55–63].

In this paper, we apply the possibility of quantization of the cosmological constant
granted by the gauge non-invariance of quantum cosmology which provides the existence
of the connection between a gauge and a quantum spectrum of a certain physical quantity,
that can be specified in the framework of the minisuperspace model. The appropriate
gauge exists also for a cosmological constant Λ, in which it is quantized [36].

In quantum cosmology, the universe is described by a wave function Ψ[hik(~x), φm(~x)]
defined on the superspace of all 3-dimensional geometries hik(~x) and matter fields φm(~x),
and governed by the Wheeler–DeWitt equation [64,65]

ĤΨ = 0. (2)

In the spherically symmetric homogeneous isotropic minisuperspace models typically
applied for description of our universe, the four-dimensional line element is written in the
form [66]

ds2 = N2(t)dt2 − a2(t)dΩ2
3 (3)

where N(t) is a lapse function, a(t) is the scale factor, and dΩ2
3 is the metric on a unit

3-sphere. The units with c = 1 are adopted. In the synchronous gauge, N = 1, Equation (3)
takes the standard FLRW form.

The action including the cosmological term

S =
1

16πG

∫
d4x
√
−g[R− 2Λ] (4)

in the geometry (3) involves the Lagrangian [36,66]

L =
N
2

[
a
(

k− ȧ2

N2

)
−Λa3

]
(5)

where k is the curvature parameter, k = −1, 0,+1 for an open, closed, and flat model,
respectively. In the canonical form of the Lagrangian L = pa ȧ − H = pa ȧ − N(t)H,
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the lapse function N(t) plays the role of the Lagrange multiplyer, and the Lagrange equation
∂L/∂N = 0 gives the Hamiltonian constraint

H = −1
2

[
p2

a
a

+ ka−Λa3
]
= 0 (6)

which does not involve time dependence given by N(t). The standard procedure of quanti-
zation pa → −ih̄d/da applied in the constraint (6), gives the Wheeler–DeWitt Equation (2)
independent on the lapse function N(t) [66].

An invariance of the theory under time reparametrization expressed by the Hamilton
constraint, in fact, hides the gauge-noninvariance of quantum cosmology under field
redefinition involving the lapse function N(t) [37]. For example, in the synchronous gauge
(N = 1) the rest-mass energy of a dust-filled universe is quantized in the closed FLRW
model where the curvature generated potential (k = +1) represents the well with infinite
walls [65], while adding cosmological term transforms an infinite well into a finite barrier
which implies a possibility of the birth of a closed universe from nothing in the quantum
tunnelling event [67]. In the conformal gauge (N = a) the quantized quantity taking the
role of energy in the Wheeler–DeWitt equation corresponds to the contribution of the
radiation, p = ρ/3, to the total energy density, which makes possible a quantum birth of a
hot universe in the tunnelling event [68].

To find a gauge, appropriate for quantization of Λ, we express the line element in the
form [36]

ds2 = N2(a)dη2 − a2(η)dΩ2
3; dη = dt/N(a) (7)

which explicitly includes the field redefinitions involving the lapse function N(a) in the
configuration space, so that the dynamical system becomes clearly noninvariant under
the gauge transformations. Equation (7) presents a generalization of the conformal gauge
N(a) = a (dt = adη) [36].

In the canonical variables q =
∫ √

a/N(a)da and pq =
∫ √

N(a)/ada, the standard
procedure of quantization, pq → −id/dq gives the Wheeler–DeWitt equation in the form [36,66](
− d2

dq2 + V(q)
)

Ψ = 0; V(q) =
1

l4
Pl

(
N(a(q))ka(q)− 8πG

3
ρ(a(q))a3(q)N(q)

)
Ψ = 0 (8)

where ρ is the energy density (we adopted the units with c = 1) which includes the
contributions from non-interacting ingredients of the matter content,

ρ(a) = ∑
m

Bma−m. (9)

The parameter m is related as m = 3(1+w) to the parameter w specifying the equation
of state p = wρ.

The connection between the gauge function N(a) and a certain quantized quantity Q(a)
is obtained by presenting N(a) as N(a) = l−m

Pl am−3; q = a3−m/2/(3−m/2), which results
in separation of a scale-factor-free term in the Wheeler–DeWitt Equation (8) [36]

− h̄2

2mPl

d2Ψ
dq2 +

EPl

2l2
Pl
(U(a(q))−Qm)Ψ = 0; Qm =

8πG
3

Bm. (10)

Equation (10) describes a quantum system with a quantized contribution of a matter
ingredient specified by the equation of state with w = m/3− 1 in the potential, created by
other components of the matter content. For example, the choice m = 3 and hence w = 0,
which leads to N = 1 in Equation (7) and to Bm = B3 in Equation (10), corresponds to the
case of quantization of the dust-filled closed universe considered by DeWitt [64].
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For the choice of the gauge N(a)a3 = 1, correspondingto m = 0 and q = a3/3,
Equation (10) describes the quantum system with the quantized cosmological constant
(vacuum energy density ρvac = ρλ) presented by Q0 = Bλ = ρλ/ρ0.

h̄2

2mPl

d2Ψ
dq2 +

EPl

2l2
Pl
(Bλ −U(a(q)))a−2

0 Ψ = 0; a2
0 =

3
8πGρ0

. (11)

Normalizing the densities in (9) to ρ0 = ρGUT and the scale factor a to a0, we present
the potential in the dimensionless form

U(q(a)) = (k + Bs)(a0/a)2 − Bd(a0/a)3 − Bγ(a0/a)4; q = a3/(3a3
0). (12)

It includes contribution of a dust-like, non-relativistic matter specified by Bd, of radia-
tion specified by Bγ, and of an admixture of strings Bs with the equation of state p = −ρ/3
and a negative deficit angle (see [68] and references therein). Contribution Bs mimics the
curvature term and provides the existence of a barrier (shown in Figure 1 below) needed
for quantum tunnelling in the favored by observations case k = 0 [36,68].

The boundary conditions to the wave Equation (11) are Ψ = 0 at a(q) = 0 [64], and an
outgoing wave function out of a barrier [69].

The wave function is given by the superposition of quantum states Ψ = ∑ cjψj satisfying

d2ψj

dq2 − (U(q)− Bλ j)ψj = 0. (13)

The quasiclassical solution to Equation (13) outside of a barrier reads [36]

ψj =
1√

(Bλ j −U(q))
exp

[
±i
∫ √

(Bλ j −U(q))dq
]

(14)

Evolution goes via transitions between subsequent quantum levels related to possible
scales of symmetry breaking. The probability |ψj|2 is maximal near the intersection of the
potential curve U(q) with Bλ j. At the beginning the probability |ψj|2 is maximal for the
initial vacuum scale Λ shown in Figure 1 (Left), while making a measurement today we
find a small value λ with the bigger probability [36].

q

U

Λ

λ

Λ n

y
1

y
2

y

U

Figure 1. (Left): Typical behavior of a potential U(q). Quantum levels are shown for the initial and
the present vacuum states. (Right): Typical behavior of a potential U(y).

Inthe region between a = 0 and a = a(max U) =
√
(2Bγ/Bs)a0, defined by U′ = 0,

we can apply quantization of Λ by using the Bohr–Sommerfeld formula in the the WKB
approximation [70], because for a < a(max U) the spectrum is discrete (for a > a(max U) the
spectrum is continuous). As we are interested in the positive values of Λ, we can transform
this region, by introducing the variable y = a− ain where ain =

√
(Bγ/Bs)a0 is defined
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by U(a) = 0, into the well between y = 0 and y = y(max U) = a(max U) − ain, shown in
Figure 1 (right), and formed by the axis U(y = 0) and the potential curve U(y) where

U(y) =
Bs

(y + ain)2 −
Bγ

(y + ain)4 . (15)

In terms of the variable y the Bohr–Sommerfeld formula reads

2
∫ q f

0

√
2mPl(Λn −V)dq = 2

∫ y f

0

√
2mPl(Λn −V(y))(y + ain)

2dy = πh̄
(

n +
1
2

)
(16)

where Λn = (EPl/2l2
Pl)Bλ n, V(y) = (EPl/2l2

Pl)U(y), and y = y f is determined from
(Λn −V(y) = 0).

To analyze a possibility of symmetry restoration at the present vacuum scale Bλ predicted
by observations, we look for a constraint on the quantum number n in the Λ spectrum.

According to the conventional scenario for the Higgs inflation, the first inflationary
stage corresponding to the GUT scale symmetry breaking, EGUT ' 1015 GeV, is followed by
quick decay of vacuum energy resulting in the radiation dominated stage. We can expect
that this situation takes place in the region of integration in front of the barrier; ρλ achieves
its present value at aλ ∼ 1018 cm, and recombination occurs at ar ∼ 1025 cm [71]).

Below we shall evaluate thevalues of ain and y f essential for the region of integration
in (16), and show that y f ∼ 103 cm, which is much less than the recombination scale ar,
whereas ain > a1 ∼ 10−12 cm, where a1 corresponds to the end of the first inflation and ain
corresponds to the beginning of domination of radiation, so that the region of integration
in (16) appears within the radiation-dominated region of cosmological evolution. This leads
to Bd � Bγ in the potential (12), and justifies the choice of noninteracting density compo-
nents in (9). Interactions can be essential at the previous stage of appearance and further
decay of heavy particles after the first inflation [22–24]; however this should not change the
estimate given by the integral (16), the boundaries of which will be evaluated below from
the observational data in the frame of the cosmological model of the Lemaitre class.

Theintegral in (16) can be written as

∫ y f

0

√
(Bλ −U)(y + xin)

2dy =
π

2
l2
Pl
a2

0

(
n +

1
2

)
; U =

Bs

(y + xin)2 −
Bγ

(y + xin)4 (17)

where y f = x f − xin, and the variables are normalized to a0, so that xin = ain/a0;
y = (a− ain)/a0 = x− xin. The parameter xin is determined by U = 0 which gives
x2

in = Bγ/Bs. The parameter x f is found as the real root of the equation for intersection
of the potential with a quantum level for cosmological constant, Bλx4

f − Bsx2
f + Bγ = 0,

which gives

x2
f =

Bs

2Bλ

[
1−

√
1−

4BγBλ

B2
s

]
≈

Bγ

Bs

[
1 +

BγBλ

B2
s

]
(18)

with the constraint (4BγBλ) < B2
s required for the real roots.

Theintegral (17) can be evaluated by approximation of the potential U(x) as a series
around x = xin and then transition to the variable y, which gives the constraint

∫ y f

0

√
(Bλ −U)(y + xin)

2dy <
1
3

B3/2
λ

Bs
x5

in

(
1 +O

(
Bλ

Bs
x2

in

))
. (19)

This allows us to get the constraint on the quantum number n in (17) as

n +
1
2
<

2
3π

(
a0

lPl

)2 B3/2
λ

Bs
x5

in. (20)



Universe 2022, 8, 305 6 of 11

The parameter Bλ = ρλ/ρ0 is estimated as Bλ ' 2.77× 10−107 for the present value of
ρλ = 6.45× 10−30 gcm−3 and ρ0 = 2.33× 1077 gcm−3 for EGUT = 1015 GeV. The parameter
Bs has been evaluated by the observational constraints including an upper limit on the
CMB anisotropy in a rather narrow range; for a flat universe, k = 0, it is estimated as
Bs ' 3× 10−6 [68].

The estimate for the parameter xin = ain/a0 can be obtained from the analysis of a
regular solution describing a vacuum-dominated universe with several scales of vacuum
energy [71]. At the classical level, transitions between quantum states of the operator Λ
corresponds to several stages in the universe evolution related to phase transitions with
different values of vacuum density ρvac [45].

The evolution of ρvac can be consequently described by stress-energy tensors with par-
tially reduced vacuum symmetry, such that the inflationary equation of state pα = −ρ is
satisfied in only one or two spatial directions [72]. This inevitably leads (by virtue of∇iTi

k = 0)
to a dynamical vacuum energy. Stress-energy tensors of this class describe vacuum dark
fluid [73]. In the spherically symmetric case they have the algebraic structure [72]

Tt
t = Tr

r ; Tθ
θ = Tφ

φ (21)

which implies the r-dependent anisotropic pressure (see [72] and references therein)

pr = −ρ; p⊥ = −ρ− r
2

ρ′ (22)

and requires description of a universe evolution by the Lemaitre class cosmological model

ds2 = dτ2 − ṙ2dR2 − r2(R, τ)dΩ2; ṙ = dr/dτ (23)

for an asymptotically flat universe. At approaching de Sitter vacuum stages, the Lemaitre
metric (23) approaches the FLRW form with the relevant de Sitter scale factor

ds2 = dτ2 − a2
i (dR2

i + R2
i dΩ2); ai = r0iecτ/r0i . (24)

The standard models of cosmology and particle physics predict a sequence of symmetry-
breaking phase transitions in the course of the expansion and cooling history of the
universe [45]. The first phase transition at the GUT scale EGUT ' 1015 GeV, occurs at
a temperature T ' 1028 K, and involves the spontaneous symmetry breaking of the
Higgs fields, leading to a vacuum decay resulted ultimately in a radiation-dominated
stage (see [41] and references therein).

The second phase transition predicted by the standard model of particle physics at
the electroweak scale, occurs at a temperature TEW ∼ 1015 K. At T > TEW , the symmetry is
restored, and vector bosons mediating the weak interactions are massless; at T < TEW they
acquire masses via the Higgs mechanism, but the photon remains massless [45].

The next phase transition predicted at the quantum chromodynamics (QCD) scale
EQCD ∼ (100÷ 200) MeV drives a second inflationary stage at which a quasi-stable QCD
vacuum state provides a relatively short inflation period (about 7 e-foldings) consequently
diluting the net baryon to photon ratio to its presently observed value [74,75] (for a review,
see [45]). The density ρQCD is smaller by a factor of (EQCD/EGUT)

4 than the GUT density
ρGUT = ρ0, i.e., of the order of the nuclear matter density.

The third, presently observed inflationary stage corresponds to the vacuum energy
density ρvac = ρλ which is about 107 orders of magnitude smaller than the GUT density.

The situation with three vacuum scales driving the first, second, and present inflation,
can be modeled by a phenomenological density profile [71]

ρ = ρ0

[
1− (1− A1) exp(−rk

1/rk)− (A1 − A3) exp(−rk
3/rk)

]
, (25)
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which describes vacuum decay by the exponential functions as typical for a decay pro-
cess. Here

A1 = ρQCD/ρ0 ≈ 10−64, A3 = ρλ/ρ0 = Bλ ' 2.77× 10−107; r0 < r1 � r3. (26)

The rate of decay is uniquely fixed as k = 4 by the strict constraints k > 3 required for
analyticity, and k ≤ 4 required by causality. The parameters r1 and r3 correspond to the
end of the first and the second inflation, and have been constrained by the observational
data [71].

At r ∼ r1 the second term in (25) becomes dominant, and for r1 < r < r3 behaves
like ρ ≈ ρ0(A1 + r4

1/r4), which corresponds to ρ ∝ r−4, behavior typical for radiation,
for r < r2 = r1 A−1/4

1 = 1016r1. For r > r2 we have ρ ≈ A1ρ0 = ρQCD corresponding to the
second inflation when the metric approaches the FRW form (24) with i = 2.

The parameter r1 is constrained by the requirement of the late-time isotropy, A < 10−6

for agreement with the CMB observations, where the anisotropy parameter A is defined
as A = ∑3

1(H2
j /3H2); Hj = ȧj/a; H = ∑3

1(Hj/3), and aj are scale factors [76,77]. In our

case with the Lemaitre metric (23), a1 = ṙ, a2 = a3 = r. This gives r1 < 3× 10−12 cm
and r2 = r1 A−1/4

1 = 1016r1 < 3× 104 cm [71]. By the restriction on r1, the requirement of
the late-time isotropy constraints the admissible interval for the e-folding Ne = ln (r1/r01)
where r01 ' 0.83× 10−25 cm for the GUT scale vacuum E ' 1015 GeV. The e-folding Ne is
constrained by Ne < 31. Adopting Ne = 29, we obtain the estimates r1 = 10−12 cm and
r2 = 1.2× 104 cm for beginning of the second inflation [71].

The value ain at which radiation starts to dominate at the level which provides
U(ain) = 0 in the period between the end of the first inflation and beginning of the
second inflation, can be obtained from the detailed analysis of behavior of scale factors
in [71] as ain ≈ 0.6× 103 cm.

The basic constraint (20) gives finally

n +
1
2
< 0.54 (27)

which testifies that the vacuum density achieves the lowest level in its quantum spectrum.
Therefore we can say about symmetry restoration, since in this case its zero level density has
non-zero value for n = 0 in Equation (16), and a further decay is impossible in principle as
forbidden by quantum mechanics. It follows also that the present value of the cosmological
constant cannot be zero.

Two fundamental facts testify to the deep intrinsic relation between symmetry break-
ing/symmetry restoration for the Higgs field and for spacetime: (1) the false vacuum of
the Higgs field corresponds (by its equation of state) to the maximally symmetric de Sitter
vacuum and in this way is generically related to the spacetime symmetry. (2) Breaking
of symmetry of the Higgs field from its false vacuum state intrinsically goes on with the
spacetime symmetry breaking. It is natural to assume that restoration of spacetime sym-
metry to its present vacuum state is related to restoration of symmetry of the Higgs field
dynamically responsible for the previous universe evolution to its false vacuum state.

3. Summary and Conclusions

Transition from the big value of the cosmological constant Λ = 8πGρGUT responsible
for the first inflation, to the present value λ = 8πGρλ given by observations, can be conse-
quently described in the framework of the minisuperspase model of quantum cosmology,
and in the framework of the Lemaitre class cosmology.

Applying the quantization of the cosmological constant related to a vacuum energy
Λ = 8πGρvac, and the values of involved parameters from observational data, we find,
without any additional assumptions and special tuning, that the present value of the
cosmological constant corresponds to the lowest level in its quantum spectrum, which
testifies for restoration of spacetime symmetry. If not introduce an additional hypothetical



Universe 2022, 8, 305 8 of 11

matter source for the present value of ρvac, we can identify it with the false vacuum state of
the Higgs field which powers evolution of the universe starting from the first inflation. This
symmetry restoration of the Higgs field differs essentially from its symmetry restoration
at the electroweak scale, because the presently observed value of ρvac corresponds to
an absolute lower limit n = 0 in its quantum spectrum (similar to zero-point energy
E0 = h̄ω/2 in the energy spectrum). No further vacuum decay or λ-relaxation is possible,
which testifies for the final symmetry restoration for both spacetime and the Higgs field.

The responsibility of the Higgs field in its lowest false vacuum state for the today
cosmological constant implies the existence of an additional small energy scale Eλ, re-
lated to symmetry restoration for the Higgs field generically related to restoration of
spacetime symmetry. The energy scale Eλ can be evaluated from ρλ by relating it to the
Planck scale Epl = 1.22× 1019 GeV by the basic relation, ρλ = 〈T0

0 〉 = (Eλ/EPl)
4ρPl , where

ρPl = 5.157× 1093 gcm−3 and ρλ = 6.45× 10−30 gcm−3. This gives Eλ = (ρλ/ρPl)
1/4

EPl = 22.9× 10−4 ' 23× 10−4 eV.
Let us summarize. Analysis of the possibility to relate the today value of the cosmo-

logical constant with the vacuum energy density of the Higgs field in its false vacuum
state, in the frame of the minisuperspace model of quantum cosmology with applying the
relevant cosmological parameters estimated in the frame of the Lemaitre class cosmological
model, leads to the following conclusions:

(i) The Higgs field can be dynamically responsible for the universe evolution from the
initial symmetry breaking to the final symmetry restoration.

(ii) The presently observed value of ρλ corresponds to an absolute lower limit n = 0 in its
quantum spectrum.

(iii) The value of ρλ today must be non-zero in principle.
(iv) There exists the relevant energy scale, Eλ ' 23× 10−4 eV, characteristic for symmetry

restoration related to the observed value of the cosmological constant.

Currently we are working on a detailed analysis of the mechanism of symmetry
restoration of the Higgs field on the scale Eλ in the framework of quantum field theory.

Inquantum cosmology, there exists a certain gauge specified in the frame of the
minisuperspace model, in which the cosmological constant Λ = 8πGρvac is quantized. This
allows for the description of evolution of ρvac for the false vacuum state of an involved
Higgs field, from symmetry breaking at the initial GUT state, via intermediate state(s)
related to phase transitions in the universe evolution, to symmetry restoration at the final
state which corresponds to its lowest level in the λ-quantum spectrum.

In QFT cosmological models with time-dependent cosmological constant decaying
or running from a false vacuum state were studied in detail in [78] without assuming a
particular form for Λ-time dependence and with using the assumption that the transition
from a false vacuum is the quantum decay process. During the initial stage, T0 < t < T1,
where T1 refers to the end of the inflationary exponential acceleration, Λ = Λ0 calculated in
the QFT frame. At times T1 < t < T2 it decreases as an oscillatory modulated exponential
function to the value Λe f f given by [78]

λe f f = λbare + α2(H(t))2 + α4(H(t))4 + . . .� Λ0 (28)

where the Hubble parameter H(t) defines the cosmological scale. Similar parametrization
is considered in many papers (for a recent review, see [62]). At times t > T2 cosmological
constant Λ evolves in time as Λe f f (t) and tends to Λbare as t→ ∞ [62,78].

Recently it was shown that if a universe was born in the metastable false vacuum state,
the big initial value of Λ0 calculated in the QFT frame for the inflationary era, can be later
quickly reduced to the very small values, provided that the transition from a false vacuum
is the quantum decay process. This process was discussed for different scales [62].

In principle, this picture agrees with the cosmological evolutioin described in Section 2,
in which the stages of an inflationary expansion due to values of ρvac defined in the
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frame of quantum cosmology, are followed by a quick decay modelled in the frame of the
Lemaitre cosmology.

Comprehensive analysis of evolution of cosmological constant in the frame of QFT
for a scalar field non-minimally coupled to gravity at the FLRW background is presented
in [52] for running vacuum models in which vacuum energy density ρvac is presented by a
constant term, and dynamical components O(H2) and O(H4) are considered as a series of
the even powers of the Hubble parameter.

Calculations using a modified form of the adiabatic regularization, and involving
dimensional regularization, result in the properly renormalized vacuum energy density
which does not contain the unwanted contributions from quartic powers of particle masses
m4 at different scales [52]. In addition, the applied adiabatic regularization prescription
allows for extraction of the precise form for ρvac from the renormalized zero-point energy
up to terms of the adiabatic order O(H4). The present value of ρvac is dominated by the
constant term; dynamical components are reduced to νH2 where the running parameter ν
satisfies |ν| � 1 [52].

We expect that the above QFT regularization mechanisms can be helpful in the case of
quantized vacuum energy density.
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49. Espana-Bonet, C.; Ruiz-Lapuente, P.; Shapiro, I.L.; Solà, J. Testing the running of the cosmological constant with type Ia supernovae

at high z. J. Cosmol. Astropart. Phys. 2004, 2004, 6. [CrossRef]
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