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Abstract: The main task of this review is to discuss quantum cosmology minisuperspace models based
on the Wheeler-DeWitt equation, which apart from the standard matter and 3-geometry configuration
degrees of freedom, allow those related to the variability of physical constants—varying speed of
light (VSL) c and varying gravitational constant G. The tunneling probability of the universe “from
nothing” to the Friedmann phase will be given for such varying constants minisuperspace models.
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1. Introduction

Some physicists often express their doubts about the statement that constants—which are
considered to be fundamental in physics—may vary. However, if we consider them as fields which
are influenced by some unknown physical interaction (e.g., of a certain given mass with the rest of
the masses in the universe—something which is the core of Brans-Dicke theory, or the influence of
extra dimensions), then this statement is just a consequence. Even worse, the Universe as a quantum
object may be found to be inherently incompatible as well. After all, cosmology studies the large-scale
structure of the Universe, while quantum mechanics seem to be applied to extremely small objects.
Here in the same way we may say that since quantum theory is the underlying theory of physics, we
should use it to describe the whole universe, possibly deriving our macroscopically classical universe
in some limit or due to some mechanism (e.g., decoherence). Besides, the universe surely started with a
small size and dense state—the Big-Bang. We could then look for the first epochs of the evolution of the
Universe, near the Planck scale of 10! GeV, at which quantum effects cannot be described classically.
Another problem which arises when we go back in time to the moment of the birth of the Universe
is the initial singularity—a state for which our gravity theory fails. The singularity is considered
to be unavoidable on the classical level, through. A way out of this problem may be provided by
quantum cosmology, where the birth of the Universe can be described as a quantum phenomenon.
The most orthodox Copenhagen interpretation of quantum mechanics considers treating the Universe
as a quantum system as problematic; it requires the presence of a classical observer external to the
system under consideration. Since it is very difficult to define something external to the Universe,
the quantum description may happen to be inadequate in this narrow interpretation. However, one is
able to define some internal degrees of freedom which can “measure” the system. The scheme is
known as decoherence.

The variability of fundamental constants has been widely investigated in theoretical and
experimental physics [1-6]. The gravitational constant G, the speed of light c, the electron charge e,
the proton-to-electron mass ratio y = m,/m,, and the fine structure constant a = ¢?/fc can all be
considered as varying [7]. The theories with varying speed of light can provide a solution to some
well-known cosmological problems, such as the flatness problem, the horizon problem, the A-problem,
and the singularity problem [8]. However, most of the studies on varying constants theories were
devoted to describe the classical models, and so I want to discuss the quantum aspects of this.
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In reference [9], one can find the first attempt to construct the varying constant quantum
cosmology with varying ¢ and G, and additionally varying the cosmological constant. The authors
calculated the probability of tunneling from “nothing” (i.e., quantum vacuum which depended on
varying constants) to the expanding de Sitter space. In reference [10], the probability of the creation of
the Universe was calculated for a range of different values of c. The conclusion was that the largest
probability of the creation is for the current value of ¢ = ¢q. The results were obtained based on the
assumption that the speed of light was decreasing, which was compatible with observations. However,
according to the current data [11,12], one should consider both possibilities—a decreasing as well as
an increasing value of c.

2. Tunneling Quantum Cosmology

2.1. The Tunneling Universe

As was mentioned already, within the framework of quantum cosmology, one hopes to avoid
the problem of the classical initial singularity. It can be achieved in a scenario originally proposed by
A. Vilenkin [13,14], in which the Universe is spontaneously created from “nothing” to some specific
geometry with a fixed value of the scale factor (the so-called tunneling boundary condition wave
function). By “nothing”, it is meant the state where no classical space and time exist, though there is
a quantum vacuum.

The evolution equation of the Universe described by a closed Friedmann-Lemaitre-Robertson-Walker
universe is solved by the scale factor a:

a(t) = H ' cosh(Ht), 1)

where 2
871G
H= (39v> )

is the Hubble parameter and describes the de Sitter space and ¢y is the vacuum energy density. It is
very interesting to notice a good analogy to a particle bouncing off the potential barrier ata = H~!.
In this case, a can be treated as a particle coordinate. In quantum mechanics, the probability of
tunneling through the finite potential barrier is not zero. Analogously, one assumes that the whole
Universe can tunnel through a potential barrier from the vacuum state to a state with a finite value
of the scale factor given by 2 = H~!. By mapping the problem from Minkowski to Euclidean space
(t = —iT), one can find a solution which describes a four-sphere S* called the de Sitter instanton:

a(t)=H 'cosh(Ht) — a(t)=H 'cos(HT). (©)]

The above solution describes the tunneling from the de Sitter instanton with an imaginary time to
the de Sitter space.

2.2. The Wave Function of the Universe

In analogy to the Schrodinger equation in quantum mechanics, the main equation in quantum
cosmology is the Wheeler-DeWitt equation [15,16].

AY (hyy, @) =0. 4)

Here H is the Hamiltonian operator, ¥ is the wave function of the Universe, which is defined
on a superspace manifold of all possible 3-geometries /1, and matter-field configurations ®. It is
remarkable that ¥ does not depend on a classical cosmological time. However, the lack of a classical
time does not mean that the Universe is static—it has its internal clock due to a hyperbolic nature
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of the Wheeler—-DeWitt Equation (4), which makes the scale factor to be a new time coordinate in
minisuperspace (a symmetric version of superspace).

In order to solve the Wheeler-DeWitt equation, one needs to specify the appropriate boundary
conditions for the wave function. In quantum cosmology, such boundary conditions must be defined
independently as a new law. The reason is that one needs to assume that nothing external limits the
Universe. Few such wave functions have been proposed so far. One of them is due to A. Vilenkin,
and it is called the tunneling wave function [13,14,17,18]. According to this proposal, only the outgoing
modes of the wave function should be included on the singular boundaries of the superspace. This
means that among all the universes which are described by the function ¥, only the universes which
tunnel from nothing to the phase of expansion should be considered. Those which contract down from
the infinite size are not taken into account. The tunneling proposal can also be formulated in terms of
the path integral over all the paths which interpolate between a vanishing three-geometry @ and a
state (hyuy, @):

Y7 (hy, @) = /@(h’w’q)) [dg)[d]eS ) (5)

These two formulations of the tunneling conditions—the carrying flux out of the superspace
and the path integral formulation—are equivalent only in the simplest case of the de Sitter space,
not in general.

Another boundary condition assumes that no boundary is the only boundary of the universe.
The proposal is called the no-boundary condition, and it was formulated by ]. Hartle and S. Hawking
in 1983 [19]. The condition is expressed as an Euclidean path integral over compact 4-manifolds g,
bounded by 3-geometry hy,,:

Yyuu (h’/w, CD) = /(hW’(P) [dg] [d(I)]e_SE(Sabrq>) , (6)

where Sr is the Euclidean Einstein—-Hilbert action. The no-boundary condition is implemented
in the Euclidean regime of the wave function, while the tunneling condition is applied to the
Lorentzian (oscillatory) regime. The crucial difference between these two wave functions appears
when investigating the prediction for inflation. The function ¥ seems to prefer large values of the
scalar field @, while the function ¥y prefers small ®. Consequently, ¥t seems to predict inflation,
while ¥y predicts no inflation (cf. [20], pp. 279-289).

3. Classical Varying Constants Cosmology

The field equations for the Friedmann universes with varying speed of light ¢(t) and varying
gravitational constant G(t) varied in a preferred frame read as [6,21-23]

52 kc?
o= Sné(t) (ZZ - Caz(t)> ’ 7
2 B2 ke
0= =gy (B e+ ) ®

The generalized energy-momentum conservation equation is

-+37 () 5y ) = a0 G + g ©
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In the above equations, dots stand for derivatives with respect to the cosmic time ¢. The scale
factor is then denoted by a = a(t), the pressure by p, the mass density by o, k = 0, and +1 is the
curvature index. After substituting the vacuum mass density and pressure

2
oa(t) = QTG((?) pa(t) = —oa(t)c? (10)

into the Equations (7) and (8), one can write down the continuity equation including the A-term:

. - — AR
ot i) 8 -t

Here, A is considered to be a constant. Equation (11) can be written in the form:

(G(t)ea“w“))' 1 (3k—Ad?)
G(t)oa3@+1) o 4nG(t)a?

c(t)e(t) . (12)
After integration, one can obtain the exact solution

o(a) = C 3C%n k _ é a? 22(n=1)—q (13)
Bwt)+q  47Gy \2n+3w+1 3 2n+3w+3 ’

where C is a constant and w is a barotropic index from the equation of state p = woc?. The parameters
n and g indicate the possible variation of the constants. In order to describe the dynamics of the change
in ¢ and G, the following ansétze has been used [21,24]

c(t) = coa" (1), (14)
G(t) = Goa'(t). (15)

The current values of the speed of light and the gravitational constant can be obtained in the
limits n,q — 0. These limits are denoted by cy and Gy, respectively. Different unit ansitze are also

possible; i.e.,
a n
c(t) =co () . (16)
ag
4. Quantum Cosmology of Varying Constants

Once the classical equations for varying c and G have been formulated, one can proceed with
the quantization. In this work, the canonical quantization will be applied [15,16]. In order to
formulate the Wheeler—DeWitt equation, one first needs to find the total action. The gravitational
part—the Einstein—Hilbert action—takes the form

S :/d‘lx\/fg(‘i)R c :VS/dXOQB(xO)C?’ 6 (k—f—azo—f—aao()) (17)
8 A 16nG 16w G | a2(x0) ’ ’ ’

where x# = (x?,x!,x2,x3) and x° = ct. The comma stands for the derivative with respect to the new

time coordinate xy. The Friedmann metric can be written as

ds? = —(dx®)2 4 a?(x%)[dx® + S?(x)dO?], (18)
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where x! = x, x> = 0, x3 = ¢, dQ? = d6? + sin® §d$?, and

siny, k=41,
Sx)=194 x k=0, 19)
shy, k=-1.

In order to obtain a well-defined variational principle, one needs to add to (17) the
Gibbons—Hawking—York boundary term

3 /3 3 .
SGH = / d3 167‘[_’G 877'( / @ (ﬂ,o 612) ES(X) Sln9d4x, (20)
M

where / is the determinant of the 3-metric defined on the boundary, and K is the trace of the second
fundamental form (K = K, g"" = 3%0/,). The matter action is defined as

= —/pc\/jgd4x = —VS/Q(xO)ca3(x0)de, (21)
M

where ¢ is the matter density and V3 is the volume factor, which for k = +1 is finite

Vi T 2
_ /d)(/df)/dqbsin)(sine _ 22, (22)
0 0 0

while for k = 0, —1 can be made finite after an appropriate cut-off [20]. For the cosmological constant
A, one can write:

" 2AC % A3 0

g dx
o = 167'er N 3Ga3(x0) dx @3)

The total action is

- _3Vs 0 (x°) _As_ 8nG(x%) _/ 0
S—Sg—l—SGH—i-SA—i-Sm—S dx G ka — ,Oa 3 32 oa’| = [ Ldx”, (24)

with L being the Lagrangian. We calculate conjugate momentum as

) )
Pa = aa,o 4G

——aa,, (25)

and the Hamiltonian reads as

21G(x%) 5 3V3c3(x0) V3c3(x0)

H=— _
3V3c3(x0)ap” 87G(x0) at 871G (x0)

Aa® + V30c(x0)a. (26)

Replacing conjugate momentum p, by an operator

L 0
Pa — —17‘1%, (27)

one gets the Wheeler-DeWitt (WDW) equation

[rﬂaa; —U(a )} ¥(a) =0, (28)
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with the minisuperspace potential

5 2
U(a) = — (M) [kcz(a) - %azcz(a) - 87r§(a)g(a)a2 . (29)

After quantization of Equation (26), which leads to a stationary Schrodinger Equation (28),
one needs to introduce an internal definition of time. This can be done by a new time parametrization
in terms of the scale factor a or possibly the matter field ®. Due to the requirement of self-adjointness
of the WDW operator H, either choice leads to a different physical Hilbert space. The above-mentioned
freedom of the time parametrization is known as the “problem of time” in quantum cosmology.
In order to ensure that H is Hermitian, some specific boundary conditions for the wave function
should be implemented, and this secures the conservation of probability at infinity. Constructing the
Hilbert space is a long-standing problem in cosmology, which is beyond the scope of this paper. The
problem has already been reviewed in a couple of papers [25,26].

In view of the lack of a classical time in minisuperspace, c and G have been replaced by the scale
factor dependence [15]. The ansétze (14) and (15) are valid for a—dependence only, so that we have

2
3Vacia2t1-19 A 8G
Ua) = — <407rGo (kcéazn — gcéaz”“ - 30a2+‘79(a)) . (30)

Inserting (13) into (30), one obtains

) 3w+ 1 Alw+1) 87Gy  C
— _Kg2206n+1 q) k— 2 1
Ula) of 2n+3w+1  2n+3(w+1) ? 3c3 adwtl+an |7 G
where 3
3V3C0
= . 2
0= 217Gy (32)

For C = 0, the minisuperspace potential depends on the matter only due to a dissipative term on
the r.h.s. of (11), and reads

2
_ 2261 (_Bw+ Dk  Alw+1)a
Ula) = Koa <2n+3w+1 m+3w+1)) 33
The potential (33) has roots at 2 = 0 and at
_ [k(Bw+1)[2n 4 3(w + 1)]
"= \/ AMw+1)2n+3w+1) ° 34

The varying c and G minisuperspace potentials allow the tunneling wave functions, so one can
use the WKB approximation to calculate the probability of tunneling from “nothing” to the deSitter
inflationary Universe with a = a; [27]. Having (33), one can write

at

ap 1/2
N 2 - B 2K [ oseng( Aw+1) 5, 3w+l
Pexp|: hg/,/z(E U(u))da:| —exp[ =0 0/11 3wt mmiswesit) e 69

which is solved by (provided 3n + 2 > g):

1
P~ ex Ko J) Swtl k uSn*tHL/%F (2(311 T2 q)) (36)
=P T\ | 2n v sw 1 | 2 F(%(3n+5—q)) ’

and I' is the Euler function. Example plots of the tunneling probability are given in Figure 1.
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Figure 1. (a) The tunneling probability (36) for the varying G model (k = +1, n = 2, A = 2); (b) The
tunneling probability (36) for varying ¢ model (k = +1, 4 = 0, A = 5). The solid lines are for dust
(w =0), the dashed lines are for radiation (w =1/3), and the dotted ones are for stiff-fluid (w= 1) [28].

5. Conclusions

In the present paper, the quantum cosmology of varying constants c and G has been discussed.
The canonical quantization procedure has been followed. The variability of the speed of light and the
gravitational constant have been included by using the ansitze (14) and (15). It has been shown that
most of the potentials of varying constants minisuperspace are of the shape which allows the tunneling
process. For this reason, the use of WKB approximation is allowed. The probabilities of the tunneling
from “nothing” to the Friedmann universe has been calculated. The radius of the newborn universe
is characterized by the value of the scale factor a;. The tunneling interpretation of the creation of the
universe allows us to avoid the classical problem of the initial singularity.

It has been shown that the probability of such tunneling depends on the matter content and on
the parameters related to the varying constants n and g. The probability increases strongly for positive
values of parameter 1, while it decreases for negative values of this parameter for all types of matter
which have been investigated. The claim of [10] of the greatest probability for the current value of
the speed of light (n = 0) has been shown to be inadequate in the view of current observations of
the variability of the fine structure constant «. The probability steeply approaches one for the large
increase of c. There is also a strong influence of varying G on the probability reported.
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