Eur. Phys. J. C (2016) 76:225
DOI 10.1140/epjc/s10052-016-4087-8

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Wheeler-DeWitt equation and Lie symmetries in Bianchi

scalar-field cosmology

A. Paliathanasis!, L. Karpathopoulos?, A. Wojnar>*>, S. Capozziello

4,5,6,a

! Instituto de Ciencias Fisicas y Matematicas, Universidad Austral de Chile, Valdivia, Chile

2 Faculty of Physics, Department of Astronomy-Astrophysics-Mechanics, University of Athens, Panepistemiopolis, 157 83 Athens, Greece

3 Institute for Theoretical Physics, pl. M. Borna 9, 50-204 Wroclaw, Poland

4 Dipartimento di Fisica “E. Pancini”, Universita’ di Napoli Federico II, Complesso Universitario di Monte S. Angelo, Via Cinthia, 9, 80126 Naples,

Italy

5 Istituto Nazionale di Fisica Nucleare (INFN) Sez. di Napoli, Complesso Universitario di Monte S. Angelo, Via Cinthia, 9, 80126 Naples, Italy
6 Gran Sasso Science Institue (INFN), Viale F. Crispi 7, 67100 L’ Aquila, Italy

Received: 26 January 2016 / Accepted: 14 April 2016 / Published online: 23 April 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Lie symmetries are discussed for the Wheeler-De
Witt equation in Bianchi Class A cosmologies. In particu-
lar, we consider general relativity, minimally coupled scalar-
field gravity and hybrid gravity as paradigmatic examples of
the approach. Several invariant solutions are determined and
classified according to the form of the scalar-field potential.
The approach gives rise to a suitable method to select clas-
sical solutions and it is based on the first principle of the
existence of symmetries.

1 Introduction

Nowadays astronomical observations have shown that if we
consider our Universe on a large scale, its visible struc-
ture is accelerating, homogeneous and isotropic, and, essen-
tially, filled with pressureless dust. The simplest cosmic
model which describes a Universe with the above proper-
ties is the Friedmann-Lemaitre—Robertson—Walker (FLRW)
model [1]. The evolution of the Universe from the radiation
dominant epoch till the present cosmic acceleration can be
well explained by the FLRW model with a cosmological con-
stant (the so-called ACDM model). However, it fails if one
tries to address the whole early and late history of the Uni-
verse starting from the origin and the inflation epoch where
quantum effects should be taken into account.

Anisotropies observed in the cosmic microwave back-
ground (CMB) are small enough to suggest that anisotropic
models of spacetimes become isotropic ones by evolving in
time [2—4]. One can expect that pre-inflationary anisotropies
played an important role (for example, they can be respon-
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sible for the coupling between the gravitational field and
the inflaton field) so if inflationary models are considered,
one should understand the dynamics of anisotropies. Models
describing anisotropic but homogeneous Universes are the
so-called Bianchi cosmologies. They can be considered in
standard general relativity and in its extensions containing
scalar fields.

In this paper we will consider the Lie symmetries of the
Wheeler—-DeWitt equation (WDW) in general relativity and
in scalar field cosmology assuming Bianchi spatially homo-
geneous spacetimes. We will use the Lie symmetries in order
to define the unknown potential and derive exact solutions for
the WDW equation and for the field equations. Symmetries
are considered to play a central role in physical problems
because they provide first integrals which can be utilized in
order to simplify a given system of differential equations and
thus to determine the integrability of the system. Indeed, in
[5,7] it has been shown that the Lie symmetries of a dynami-
cal system are related to the geometry of the underlying space
where the dynamics occurs.

The application of symmetries in gravitational theories is
an important tool which could lead to exact solutions of the
field equations. In particular, the symmetries which can be
used are the Noether symmetries of the Lagrangian of the
field equations and they have been applied in several models
such as scalar-tensor cosmology [8—15], f(R) gravity and
higher-order theories of gravity [16-21], spherically sym-
metric spacetimes [22-25], and many others. [26-29]. The
application of the Noether symmetries in Bianchi spatially
homogeneous spacetimes can be found in [5,30-32]. Accord-
ing to this results one can deal with the so-called Noether
symmetry approach.
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In this work we will not apply the Noether symmetries
of the field equations but the Lie symmetries of the WDW
equation. It has been proved in [7] that the Lie symmetries of
the WDW equation could form a greater Lie algebra than the
Noether symmetries of the Lagrangian of the field equations.
Hence, it is possible to determine new cases where the field
equations are integrable. This method was applied in a scalar-
tensor cosmological models adopting a FLRW geometry with
a perfect fluid and new integrable models, cosmologically
viable, raised [33,34]. Recently a similar method has been
applied to some axisymmetric quantum cosmologies with
scalar fields [35].

The layout of the paper is the following. In Sect. 2 we
give the basic definition of the Bianchi classification while
in Sect. 3 we study the Lie symmetries of the WDW equa-
tion of Class A Bianchi spacetimes in the case of general
relativity. In Sect. 4, the previous results are applied in order
to reduce the WDW equation by using the Lie invariants and
determine invariant solutions. Sections 5 and 6 are devoted to
the same analysis in the case of a minimally coupled scalar-
tensor gravity and we use the Lie symmetries in order to
determine the field potential by using the Lie symmetries of
the WDW equation as a geometric criterion. We show that, in
scalar-tensor cosmology, there exist invariant solutions of the
WDW equation: in Bianchi I spacetime, for constant poten-
tial and for exponential potential and, in Bianchi II spacetime,
for a kination scalar field. For convenience of the reader, we
present the Lie symmetry classification for each model in
tables. Furthermore in Sect. 7, we show how these results
are related with the so-called hybrid gravity and conformal
transformations. Finally, in Sect. 8, we discuss our results
and draw our conclusions. “Appendix A” completes our pre-
sentation. Here the basic theory of Lie symmetries is briefly
discussed.

2 The Class A of Bianchi spacetimes

The class of Bianchi spatially homogeneous cosmologies
contains several important cosmological models which have
been used for the discussion of anisotropies of primordial
Universe and for its evolution toward the observed isotropy
of the present epoch [2,36,37,39,40]. In these models, the
spacetime manifold is foliated along the time axis, with
three dimensional homogeneous hypersurfaces which admit
a group of motions G3. Bianchi classified all three dimen-
sional real Lie algebras and has shown that there are nine
possible G3 groups. This results in nine types of Bianchi spa-
tially homogeneous spacetimes. The importance of Bianchi
cosmological models is that, in these models, the physical
variables depend on the time only, reducing the Einstein and
other governing equations to ordinary differential equations.

@ Springer

In the (3 + 1) decomposition of the spacetime manifold
(Arnowitt—Deser—Misner (ADM) formalism), the line ele-
ment of the Bianchi models can be written in the following
form [41,42]:

1
CN@)2

ds? = di? + gij (o’ ® o, 1)
where N (¢) is the lapse function and {w'} denotes the canon-
ical basis 1-forms satisfying the Lie algebra

do' = Clio! Ao )

where Cj.k are the structure constants of the algebra. The
spatial metric g;; is diagonal (following the notation of [5,30]
and references therein) and can be factorized as follows:

gij (1) = 20 p=2Bij (1) (3)

where () is the scale factor of the Universe and the matrix
Bij is diagonal and traceless. The matrix B;; depends on
two independent quantities B, B> , which are called the
anisotropy parameters. The matrix B;; can be selected as!

3 1 3
%ﬁz —551 - %ﬂz) )

. 1
Bij = diag (/31, —5h+
and, in these variables, it is /g = e3*. The structure con-
stants of the Lie algebra G3 can be expressed in terms of
a three dimensional vector field ¢’ and a symmetric 3 x 3
tensor m'/ as follows [43]:

Cj-k = €jksm® +8ia; — 5;-611(, 5)

and the Bianchi models are grouped in two classes: Class A
for a' = 0 and Class B for a’ # 0. Each class is divided
into several types according to the rank and the signature of
the tensor m'/. Specifically, the Bianchi models are divided
into two subclasses A (a¢; = 0) and B (a; # 0) containing
Bianchi types corresponding to the form of the metric m*/ . In
this paper, we are interested in the Class A models for which
there exists a Lagrangian of the field equations.

For the line element (1) with the definitions (3) and (4),
the Ricci scalar of the Bianchi Class A spacetimes can be
written as

R =Ry + R* (6)
where
Ry = 5N (4NZ+aNi+ N2+ NBEHNEBD) )

and R* = R* (A, B, B2) is the component of the three
dimensional hypersurface which depends on the structure
constants of the algebra Ni_3 of the Killing algebra of the
Bianchi algebras [44]. The general form of R* is

I These are the Misner variables [42].
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2
§ 1 o N12€4/31 4282 (Nze«/gﬂz — N3e—\/§ﬁ2) +
R = ——e 2
2 —2NpePr (Nze“/g"32 - N3e_‘/§ﬁ2>

+%N1N2N3(1+N1N2N3) (8)
and the special forms for the Class A spacetimes can be found
in Table 1.

In the case of general relativity, when the action of the
field equations is the Einstein—Hilbert action (we consider
the spacetime to be empty)

Sor = / dx*V/=gR, ©)
the field equations for the Bianchi Class A spacetimes follow
from the Lagrangian

L(N,x Bi, B i B, Bo)
31

. 3/, .
=N@e* <6A2 -3 (B + ﬂ%)) + R,

N () (10

and the corresponding field equations are the Euler-Lagrange
equations with respect to the variables {N, A, 81, B2}. The
Euler-Lagrange equations for the variables f;, 8, are

. N . .. 1
Ba + N’B(l’z) +31Ba,2) + WR**“*Z) =0; (11)
for the variable A
. 9 3 .9 .2 1 %)
4r + | 64 +§(/31 +ﬂ2)+§¢
N. 1 1 9R*
+N“W<R*+§ax):°’ (12)

and for the variable N we have the G8 = 0 Einstein equation
31

-~ — _R*=0.
N ()

. 3 /. .
N (1) e (6,\2 -5 (ﬂ% + /322)) (13)

oL

The Lagrangian (10) is singular since o= 0, however,
if we consider

N (@)= No or N(t)=N@(@),p1(t),B2(1))

then the Lagrangian (10) becomes a regular time independent
Lagrangian which admits always, as a Noether integral, the
Hamiltonian constant. Hence, Eq. (13) can be seen as the
energy constraint of the field equations.

In the following we will quantize Eq. (13) in order to
write the Wheeler—-DeWitt (WDW) equation and to perform
a symmetry analysis using the Lie point symmetries in the
case of general relativity and minimally coupled scalar-tensor
cosmology.

3 Symmetries of the WDW equation in general
relativity

In order to simplify Eq. (13), we consider N (¢) = N(t)e 3
in the line element (1). Furthermore, we consider the change
of the variables (, B1, B2) = (¥2x, X2y, ¥37), then the
Lagrangian (10) becomes

| T 1
L= EN (x2 — 32— 22) + ﬁeﬁxR*. (14)
Therefore, we define the momentum p(, y ;) = ﬁ
and Eq. (13) has now the form ’
1
s (Pi=pl=p2) =R =0, (15)

Equation (15) can be seen as the Hamiltonian of a par-
ticle moving in the space M> with potential V (x, y,z) =
—e“/g" R*. Furthermore, the field equations are the Hamilto-
nian constraint (15) and the Hamilton equations

.1 ) 1 ) 1
=P V=P =T (16)
. __\/_ * V3x px

px = —v3(1+ (InR¥) ) eV R, (17)
py = eV RY, po= VIR (18)

Since the minisuperspace is flat, that is, the Ricci scalar van-
ishes, the WDW equation can be achieved by a standard quan-
tization, assuming the conjugate momenta p; = % Hence
from (15), we have the WDW equation of the form

W — Wy — W, — 20V R* W =0, (19)

which is nothing else but the Klein—Gordon equation in the
M? space.

In order to determine the Lie symmetries of (19), we
will use the geometric results in Ref. [7]. The M 3 space-
time admits a ten dimensional conformal algebra. In partic-
ular, it admits a six dimensional Killing algebra which is the
T3 U SO (3) with elements

K(Z) = 0z,
R(xz) = z0y + x0z,

Ky = dx, Ky =9y,

Rixy) = ydx + xdy, R(yz) = 28y — ydz,
one gradient homothetic Killing vector (HV),
V=1,

and three special conformal Killing vectors (CKVs), which
are

H = .xax + yay + Zaz,

1
C(x) = 5 (x2 + y2 + Z2) Oy + xyay + xzd,, w(x) =x,
_ Lroa, 2 2 _
Cop =xy0s + 5 (x7+y" =27 ) Oy +2y0. Yy =

Lo, o o
C(Z)=x18x+yz8y+§<x +z —)’)az’ Ve =2z

@ Springer
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Table 1 The Ricci scalar of the

3d hypersurfaces of the Class A Model R* (A, B1, B2)
Bianchi spacetimes ] ]

Bianchi [ 0

Bianchi II - %6(45‘ —2%)

Bianchi VIy/VIIy

Bianchi VIII

Bianchi IX

—1e 2 <e4ﬁ' + e_z(ﬁl_ﬁﬁz) + 2eﬁ1+‘/§ﬂ2>

2
e o =25 (ex/gﬂz 4 e—ﬁﬁz) +

1,
2¢ 2
—2¢~ A1 (eﬁﬁz — e—ﬁﬁz)

B 4 2B (ex/iﬂz _ e*ﬁ;‘h)z +

_Ll,-2a 5
2 _2e—hi (eﬁﬂz + e*ﬁﬂz)

+1

See Ref. [7] for details. Furthermore, by applying the results
in [7], we find that the WDW equation (19) admits: (1) for
the Bianchi I model, 11 Lie symmetries, (2) for the Bianchi
II model, five Lie symmetries, (3) two Lie symmetries for
the models VIp/VIly, and (4) one Lie symmetry, the linear
one, for the models VIII and IX. In Table 2, we give the
corresponding Lie symmetries of the WDW equation (19)
for each Bianchi model.

4 Invariant solutions of the WDW equation in general
relativity

In this section, we will apply the zeroth-order invariants of
the Lie point symmetries to reduce the order of the WDW
equation (19) and to determine invariant solutions. An impor-
tant remark is due at this point. In general, invariant solutions
are defined as the solutions following from the application
of invariant functions of an admitted symmetry vector for
the given differential equation.2 In other words [38], a solu-
tion ¥ = ¥(x;), x; = x,Y,...,1s invariant under a group
generated by the vector X = &;0, + ndy, if and only if the
characteristic vanishes on the solution, that is, an invariant
solution satisfies the invariant n-surface condition (n being
the number of independent variables):

n—E9.W=0.

We will see that solutions given in the following sections
satisfy the above condition.

From the results of Table 2, we can see that it is possible
to find invariant solutions for the WDW equation for Bianchi
I and II spacetimes.

2 For details on the application of Lie symmetries see “Appendix A”.

@ Springer

4.1 Bianchi I cosmology

Since for Bianchi I spacetimes the property holds that R* =
0, the WDW equation (19) is the (1 + 2) wave equation. The
reduction of the (1 + 2) wave equation and the invariant solu-
tions have been studied in [45] and recently in [46]. However,
we want to give a concrete example of the application of the
Lie symmetries.

Let us consider the Lie algebra { X (I ) X (I y)} with commu-

I I 1_
tators [X(x), X(y)] = 0 where

Xy = Koy + pi¥oy. (20)

Consider the Lie symmetry vector X (Ix) = 0y + 1 ¥y,
from which we find that the zeroth-order Lie invariants
are {y, z,exp (—u1x) ¥}. Considering now as W = exp
(u1x) W (y, z), where W is the new dependent variable, then
Eq. (19) reduce to the two-dimensional linear Klein—Gordon
equation

,u%\i/ - Wy — \i/,zz =0.

If we continue with the application of the Lie invariants of
the symmetry vectors X (Iy) and X[, then we find following
solution:

Wy (x,y,2) = exp (u1x + p2y) [01 exp <\/M% - M%z>
+ caexp (—\/ ui— M%z)] : (21)

From this one can see that (21) is invariant under the point
transformation with generators the vector fields (20).

One can also consider the Lie algebra {X (IX), X (’yz) =
R(yz) + nWoy} for which the invariant solution is
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Table 2 Lie symmetries of the

Lie Symmetries

Voy, Kuy, Ko Key» Ray)» Razy Rz, H

(Coo = 3xWdw). (Ciyy — 3y¥w). (Ci) — 32Vdw)
Yoy, Key. Koo — 5K Rao) = 3R

Wiu. Koy — 3Ky + FKe

Wy

WDW equation of the Class A Model #
Blan.cl'u models in general Bianchi I 1
relativity
Bianchi II 4
Bianchi VIp/VIIg 2
Bianchi VIII/IX 1
Yy (x,y,2)
= [alm (/xl\/y“rzz) + 2Ky ((m y2+zz>>}
y
x exp | narctan = + p1x (22)
4

where I;;, K;, are the modified Bessel functions of the
first and the second kinds. Similarly, for the others Lie sub-
algebras, we can construct invariant solutions. We want also
to recall that the WDW equation is a linear second-order par-
tial differential equation and any linear combination of the
solutions is also a solution.

4.1.1 The WKB approximation and the classical solution

Adopting the WKB approximation to the WDW equation
(W ~exp (iS)), Eq. (19) becomes

05\* _(05\* _(05\* _
dx Ay az)
which is the null Hamilton—Jacobi equation of the Hamilto-

nian system (15)—(18), where p; % The solution of (23)
is

(23)

Sx,y,2) =S1y+52z+8,/s%+s§x+so, with & = =+1.
(24)

Hence the Hamilton eiquations (16)—(18) reduce to the fol-
lowing system (where N = 1):

X=e/st+s3, y=-s51, i=-5 (25)
and therefore we have the solutions
V3 V3 V3
A (@), B1(1), p2 (1) = (68‘/S% +531, —3 st — st
(26)

and, by the coordinate transformation dt = ¢3*dr in the line
element (1), we obtain a Kasner spacetime. Let us note that
Kasner parameters s1, 52, are related to the constants 1, o
and correspond to the oscillatory terms of the solution (21).

4.2 Bianchi I cosmology

For the Bianchi II spacetime, using Table 2, we see that if
we use the Lie symmetries {X(’Z), X(’x) - %X(’v)} with zero
commutator, the invariant solution is

212
Wi, (x, y,2) = exp <Tl v+ 2x) + M3Z)

% (c11ey (u (x, ¥)) + 2K ey (1 (x, 1))

(27)
\/lzl‘%z—%@
where w2, = @1 — U2, cog = — u(x,y) =

exp(@), and I.,, K, are the modified Bessel func-
tions of the first and the second kinds, respectively. For the
Lie algebra

1

Rixz) — §R<yz>

1
1 1
Koy = 3KG)

we have the invariant solution

W7, (x,y,2) = (c1lo (u (x,y)) + c2Ko (u (x, ¥))) .

The last solution \II%I is included in the solution W 11 I for
pi12 = pu3 =0.

(28)

4.2.1 The WKB approximation and the classical solution

One can also apply the WKB approximation for the Bianchi
IT model to Eq. (19):

2 2 2
SN (95 (25 4 AP g
ox ay 9z

Let us adopt, the coordinate transformation y = w — % in
the Hamiltonian system. Hence, the new Hamilton—Jacobi
equation (29) becomes

(29)

(as>2 (as)(as) 3(35)2 (35)2 43,
2+ () (=) -3 (2) —(52) +eT =0,
ax ox ow 4 \ ow 0z

(30)
with the solution
Sx,w,z) =81 (x)+ S w)+83(2), (31)

@ Springer
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where the functions Sj 2 3 follow from the system

S (x) =c1x, 83(2) =2z, (32)

d$\* 4 ds) >
(w) —5[“(“*@ T

The Hamilton function S (x, w, z) is

2 V3

S(x,w,z):clx—i—czz—i—gclw—sT

M(w))) , with &= =+1

12

— 2e%§w:| =0. (33)

X <M (w) — 4/c12 arctan (
(34)

V3
where cjp = 3c§ - 4c% and M (w) = v 3e¥w —C12.

Therefore the reduced Hamiltonian system is (recall that
N=1
z=-2c;, w=¢eM(w) (3%

o 2M ) (36)
x—3cl 53 (w

Hence the solution of the system (35), (36) is

z(t) = —2cpt 37
cos? 2—‘/58,/0 (t + wo)
wiy = -V (revem s ey) (38)
4
€12
x(t) = g In |:co (x/»s«/cl (r+ wo)):| §c1t + xg,
(39)

which is the solution of the empty Bianchi II spacetime in
general relativity.

In the following section we will apply the same procedure
in the case of minimally coupled scalar-tensor cosmology.
Furthermore, we will use the Lie symmetries of the WDW
equation in order to determine the unknown potential of the
scalar field.

5 Symmetries of the WDW equation in minimally
coupled scalar-tensor cosmology

Let us continue the Lie symmetry analysis of the WDW equa-
tion for cosmological containing a minimally coupled scalar
field in the gravitational action. The Noether symmetry clas-
sification of the field equations has been studied in [30-32].
Noether symmetries have been adopted in the jet space in [5].
In Ref. [6], a detailed study of integrable cosmological mod-
els with non-minimally coupled scalar fields is presented.

@ Springer

Let us now take into account the following action:

1
S = /dx“v—g (R - 58’”¢,u¢u +V (¢)> . (40)

From the line element (1) and equations (6), (7) we find the
Lagrangian [36]

L(N. Br. P2 ¢ b Br. o, 9)
- N U I
= N(t)e (6)» —5(131‘*‘,32)_5(15)
3
+~(V($) +RY). (41)
N (1)

Hence, by applying the Euler-Lagrange vector in (41), we
find four field equations which are the two equations (11)
and

43 + (6)12 + g(ﬂ'lz + 6D+ 1&)

N. 1 9R*
Y V + R* =0, 42
+ 5 N2< + +3ax) (42)
. 3. ) 1. e
3A 2 2 (52 2y _ ti2) ¢ *) _
<6A S (B +8) 2¢) - (VR =0.

(43)

The latter corresponds to the 68 = T(? Einstein equation.

Furthermore, from the Euler-Lagrange equation % (3—%)

- %, we obtain the field equation for the scalar field
1 9V

b+ 3ho + ¢+N2 7

=0, 44)
which can also be derived by the Bianchi identity T“ =0,
where THV is the energy-momentum tensor for scalar field.
As in the case of general relat1v1ty, the coordinate trans-
formations (X, B, B2) = (—x, {y, 5 z) and N(t) =

N (t)e=3*, can be adopted. Hence, Eq. (43) becomes

L/, . . ; L /3. "
EN(xz—yz—z2—¢2)—ﬁe‘/§ (V(¢)+R)=O.

(45)
Moreover, by using the momentum p(y y ; ¢) = Py equa-
’ X
tion (45) becomes
1
s(P=pi=pi=p}) = (Vo) +R) =0
(46)

and hence, from (46), we have the following WDW equation:

W =W — W — W — 26V (V (¢)+R¥) =0,
(47)



Eur. Phys. J. C (2016) 76:225

Page 7 of 14 225

since the minisuperspace of Eq. (46) is the flat space M*. We
note that Eq. (47) is the Klein—Gordon equation in M 4

Since we want to use the geometric approach in Ref. [7],
we need the conformal algebra of the M* spacetime. The four
dimensional flat space M* admits ten Killing vectors (KVs)
which are

Ky, Ky, K@), Kg) = 0,
R(xyys Rixz)s R(yz)> R(xg) = P0x + x0p,
Ryp) = ¢y — ¥y, R(zp) = P9, — 204,

one gradient HV
H = x0y + ydy + 20, + ¢y,

and four special CKVs

_ 1
Coy=Cy — 5¢23y +éydg, Yy =y,

_ 1
Cey=Cq) — §¢23z +¢20. Yo =z,

Cip) = xPx + ypdy + 290,

1
+ = (x2+¢2 —y2 —Z2> 9, V@) =¢.

2
One can find that the WDW equation (47) admits Lie symme-
tries for an arbitrary potential V (¢); in the case of a Bianchi
I, spacetime Eq. (47) admits four Lie symmetries; for Bianchi
II, one has two Lie symmetries and one Lie symmetry for the
rest of the Bianchi models. Therefore, for special forms of the
potentials V (¢), it is possible that the WDW equation (47)
admits extra symmetries. The special forms of the potentials
that we found are: (a) V (¢) = 0, in which the scalar field
behaves as stiff matter; (b) V (¢) = Vp with Vy # 0, and

We will continue our analysis using the results of Tables 3
and 4 in order to determine invariant solutions of the WDW
equation (47) for cases where it is possible.

6 Invariant solutions of the WDW equation
in scalar-field cosmology

From the symmetries in Tables 3 and 4, we observe that
invariant solutions for the WDW equation can be determined
for the Bianchi type I model for (a) V (¢) =0, (b) V (¢) =
Vo, (¢) V (¢) = Voel?: and, for the Bianchi II model, for
zero potential. It is worth noticing that, in the following, we
will choose N (¢) = 1.

6.1 Bianchi I cosmology

For the Bianchi I spacetime, the WDW equation (47)
becomes

W =Wy — W — Wy — 2V V()W =0. (48)

If the potential V (¢) = 0, then (48) becomes the (1+3)
wave equationin E 3 [45], hence we will omit this case. When
V (¢) = Vo, Vo # 0, the field equations are equivalent to the
case of general relativity with stiff matter and a cosmological
constant. In this case, we use zeroth-order invariants of the
Lie symmetries

Xy =K +pwVoy, A=y, z¢, (49)

which form a closed Lie algebra. In this case, Eq. (48) reduces
to the linear second-order ordinary differential equation

O — (1o + o) + 1) +2V0e¥ ) 0 =0 (50)

where W = @ (x) exp (i(y)y + w2 + @) and &' =
4o) Therefore, the solution of Eq. (50) is

dx
2/6Vy 3 2/6Vy v3
@ (x) = D, J, (i OefX) + DY, <iT°efX>

(¢) V (¢) = Vpe'?. The results of the symmetry analysis are 3
collected in Tables 3 and 4. ShH
Table 3 Lie symmetries of the - -
WDW equation of the Class A Model V (¢) =0 # Lie symmetries
Bianchi models in scalar-field . .
cosmology for V (¢) = 0 Bianchi I 16 Yoy, Ky, K(y), Ky, K, R(xy), R(xz)
Riy2)s Ragys Ry Riegys He (Cy —xWdw),
(Coy —y¥ow), (Coy—2¥dw), (Cig) — ¢Wis)
Bianchi IT 7 \Ifaq/, K(Z), K(¢), K(x) b %K(y), R(Z¢)
1 1
Riz) = 2Rp2)» Rag) — 2R09)
Bianchi VIy/VII 3 Wi, K@), Ko+ LKy + LK)
3
Rig) + 4R + 4R(z¢)
Bianchi VHI/IX 2 \Ilaxy N K(¢)
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Table 4 Lie symmetries of the

WDW equation of the Class A

Bianchi models in scalar-field Model V (¢) = W

cosmology for non-zero Bianchi [
potentials Bianchi 11
Bianchi VIp/VIIy
Bianchi VIII/IX
Model V (¢) = Voet?
Bianchi I
Bianchi I1
Bianchi VIp/VIIy
Bianchi VIII/IX
Model V (¢) =V (p)
Bianchi I
Bianchi II
Bianchi VIp/VIIy
Bianchi VIII/IX

Lie symmetries

Yoy, Ky, Ky, Ky, Riyys Riyg)s Rizg)
Yoy, Kiy, K@), Rig)

Yoy, K

Yoy, K(¢)

Lie symmetries

N H DY A9 H*

3
Yoy, Ky)» K@z)» Riyz, %M’Qv) — K@),

3 3
Riyp) + 4#13(”)’ Reg) + %MRW)

1 V3
4 Vi, Ke), Koy = 7K — 7 Ko

3 1

Ry + 5 (R = 3 Rvo)
1 3 3

Wow, Koy — 3K — LK — %K(zp)
Wy
Lie symmetries
Vow, Kiy), Kys Riyo)
Wiy, K
Wy
Voy

_— =N R FH =N

where J., Y, are the Bessel functions of the first and second
kind and the constant is ¢ = %(\/M%y) + M%z) + /L%Z)). For

the exponential potential, we apply the zeroth-order invari-
ants of the Lie symmetries

_ -3
X X @) TMK(x) — K¢ +v¥oy (52)

and the WDW equation (48) becomes

(3 - ,uz) @ (w) + 6vd’ — ( (M%y) + M%z)) u?

-3+ 2V0u2e’“”><1> =0 (53)

where W (x. 7,2, ) = @ () exp (Lx + iy + e,
P = %, and w = ﬁx + ¢. Hence, for various values

of the constant u from (53), we have

3 2V
®(w) = exp (#) D1J: (2 Z—Oe%w
u-—73 us=3

2V,
0 eéu})] with u # /3

p?—3

+ DYz (2

(54)

@ Springer

where ¢ = |M22_3|\/3V2 - (M2 - 3) (M%y) + Mé)) and

1
P (w) = Qgexp [5 (“%y) + M%z))

v + é&eﬁw
2 3 v

}, for || = +/3,v #0.
(55)

6.1.1 The WKB approximation and the classical solutions

In the WKB approximation the WDW equation (48) becomes
the Hamilton—Jacobi equation

1] /aS\> [a8S\> [8S\> [3S\?
() -(5) -(5) ()
— VIV () =0 (56)

where S = S (x, y, z, ¢) describes a motion of a particle in
the M* space. The solution of the Hamilton—Jacobi function
leads to the following reduced Hamiltonian system:

.08

. 0S
X =— =
0x

. 9S a8
Y=

e (57)

For V (¢) = 0, from Eq. (56) we have that

So (x,y,z,¢) =c1y +CzZ+C3¢+S\/C% + 3 + c3x,

e ==l (58)
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Then from (57) and (58) we have

x (1) = eyfe? + 3+ e+ xo. (59)

y (@) =—cit+y, z(t)=—cat+ 20,
¢ (1) = —c3t + ¢o. (60)

Similarly, for constant potential, i.e. V (¢) = Vj, we have

Sy (X, ¥,2,9) = c1y + 2z + ¢3¢

—+—823£ (L (x) + \/c1—3zarctan h Lc(lx_)3)

(61)

where L (x) = \/C% + c% + c% + 2V0e\f3x andcj_3 = c% +
c% + c%. Hence the reduced Hamilton equations (57) are

¢ =—c, (62)

and the exact solution of the field equations is

1 _ 3
x () = 3 In |:621V03 <tanh <\2f4/c13 (t —l—xo)) — 1>i| ,
(63)

x=L(x), y=-—-c, I=—cp,

y(@) =cit+yo, 2(t) = cot +z0, ¢ (t) = c3t +Po. (64)

For the exponential potential, V (¢) = Vpe!?, as we saw
previously, there exist different solutions of the WDW equa-
tion for different values of the constant i«. Hence, the solution
of the Hamilton—Jacobi equation (56) is determined by the
various values of .

Let us set & = —+/3. Applying the coordinate transfor-
mation ¢ = ¥ + x in the Hamiltonian system, the new
Hamilton—Jacobi equation is

1] /as 2_2 a8\ (8S\ (S 2_ 3S\?
;| () 2 (3) (@) (5) - (3)
—Voe VI =0 (65)

and the reduced Hamiltonian system is

) aS aS . s . aS
X = ~ - PR 9 y = -7 =—7—,
dx oy ay 0z

. 0S
V= —a (66)
by
Therefore from (65) the Hamilton action is
(3 +c3—ci)

S(x,y,2,¢%) =cix +cay +c3z+ e
1

v

_V3Vo sy

6¢1 ©7)

and the field equations reduce to the system

_ (-G ) — Vol

= 2, , Y =—C€, IT=-C3,
¥ =—c1, (68)
with the solution
y (1) = —cat +yo, z(1) = —c3t + 2o,
Y (t) = —cit + Yo, (69)
and
3 3 +c3 3V
x(t) = —cit — ( 2 3)l + f Oe_ﬁwoe‘\/gclt + xo.
2 2c 6c%
(70)
Furthermore, for |u| # +/3, we apply the coordinate trans-
formation ¢ = ¢ — %ﬁx,

(CR A IOREHIO)
G @]

hence from the Hamilton—Jacobi equation (56) we have

S, y,z,¥)=cixt+caytazty @) (72)
where
dy\*_ 1?2 (23dy wo (22 2
() -5 (i)
(73)

The reduced Hamiltonian system (57) in the new coordi-
nates becomes

. as . N
y:——, =———, (74)

()2
B NE e

and therefore from (72) and (73) the last equation becomes

y=—c, I=-—c3, (76)

3 - «/3\/(3 — /,Lz) c1—3 VetV

=3

X =c ) (77)

) 24/3 1
y = _Tcl — ;\/(3 — /,LZ) c1—3VoeltV. (78)
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However, if one wants to write an analytical solution of this
system, we have to perform another transformation that is
dt — dr. The exact solution of the exponential potential in
Bianchi I scalar-field cosmology was found in [5] so we will
omit the derivation in this work.

6.2 Bianchi II cosmology

One can observe from Tables 3 and 4 that, for Bianchi type
II spacetimes, we can determine invariant solution of the
WDW equation only for zero potential, i.e. the scalar field is
a kination fluid acting as stiff matter py = pg. In this case,
the WDW equation (47) becomes

2v3 5,
Wy =Wy =W — W+ e 3 2w =0, (79)

By applying the zeroth-order invariants of the following three
dimensional closed Lie algebra with vanishing commutators:

1
SK@o) +v¥ow. Ky + e Vow, Kg) + @) Yow

Kw =3
(80)
we find the invariant solution
W (x,y,2,¢) = exp (%v O +2x%) + 1zz + M(¢)¢’>
(Widy (u (x, y)) + W2 K (u (x, ¥))) (1)

where A = %\/121}2 -9 (,u,%z) —I—u%@) and u (x,y) = exp

(? 2y + x)) .

One can also consider the Lie algebra {K(Z), K(X)—%K(y),

Rixz) — %R(yz)} for which we have the invariant solution

W (3.2 9) = (W3e? + Wae ™) (WL, (u (x. 7))
+W3Kie, (1 (x. 7)) (82)

whereas, for the Lie algebra {K(¢), Ky — %K(y), R(x¢) — %

R(yg)}. the invariant solution is

W3 (x, y,2,¢) = (U317 + Wae %) (W) L, (u (x, y))

T2 Kie, (u(x, ). (83)

1
zR(ym} and
[R(Z¢)’ K(x) — %K(y), R(Xz) — %R(yz)] provide the solution of

The Lie algebras {R(Z¢)’ K(x) — %K(y), R(x¢) —

the form

\114(x,y,z,¢) =

In the WKB approximation, where the WDW equation (79) reduces
to the Hamilton—Jacobi equation, we apply the same approach as
for the case of general relativity, Sect. 4.2.1, hence we will omit it.
However, we would like to note that the solution for the kination
scalar field is ¢ (t) = cyt, where ¢y is a constant. In the following
section, we discuss how these solutions can be applied, under a
conformal transformation, in the case of f (R) hybrid gravity. This

Widp (u (x,y)) + W2 Ko (u (x,y)) . (84)

@ Springer

means that the approach can easily be extended to higher-order
gravity and non-minimally coupled cases.

7 Hybrid gravity in Bianchi cosmology

In this section we consider the action of the hybrid metric-Palatini
gravity with the action of the form [47—49]

s= ! d*x=3gIR + fF(R)]. (85)

22
where R is the metric Ricci curvature scalar and f(R) is a function
of the Palatini curvature scalar which is constructed by an indepen-
dent connection I". A variation of the above action with respect to
the metric gives the gravitational field equations
1

Guy + f/(R)R;w - E.f(R)gij =0 (86)
where G,y is the Einstein tensor for metric g; i while Ry, is the
Ricci tensor constructed by the conformally related metric iy, =
F/(R)guv [50]. It is well known that hybrid gravity is equivalent
to a non-minimally coupled scalar-tensor theory [49]. In particular,
if we consider a new scalar field ¥ = f’ (R) by using a Lagrange
multiplier and the relation between the two Ricci scalars R and R,
the action (85) can be written in the following form:

S=55 d*x /=gl + ¥R + —waﬂww vV)l, (87)

where

V@) =Rf(R) - f(R) (88)

is a Clairaut equation with the singular solution

WV (S (R))

——= —R=0. 89
af" (R) (89

Furthermore, from the action (87) and for the Bianchi spacetimes
(1), we see that the Lagrangian of the field equations is

Lf(R) = N(l)e”‘
763 0
+ V +(1+ R* 9

As shown in [29], the action (87) of the hybrid gravity is equivalent
to a phantom minimally coupled scalar field under the conformal
transformation g;; = (1 + v) g;;, and the action (87) becomes

= /d4xJ?g

3 2 3 . 1
[R T2 <2 (1¢++¢)¢> SVt T gy (l//)]
oD
where R is the Ricci scalar of the conformal metric g; ;> therefore
under the transformation d® = i (%)dl/f and V (¢) =
V(y¥), we have the action of the form of (40). From the

<1+w>2
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transformation ¥y — ¢, we find that the only potential which admits
Lie point symmetries has the following form:

V)=Vl + 1//)2 exp (—K arctan ﬁ) 92)

which is the exponential potential in the case of minimally coupled
scalar-field cosmology withk = k () andk (0) =0, i.e. V () =
Vo (1 4+ 1//)2, This potential transforms to the constant potential in
the case of minimally coupled scalar field [55].

8 Discussion and conclusions

In this work we studied the Lie symmetries of the WDW equation in
the Bianchi Class A spacetimes for general relativity and scalar field
cosmologies, considering minimally coupled scalar-tensor gravity
and non-minimally coupled gravity coming from Hybrid Gravity.
We applied the Lie invariants in order to construct solutions of the
WDW equation. In the case of general relativity, we found exact
solutions of the WDW equation for the Bianchi I and Bianchi II
spacetimes. In scalar-field cosmology, we applied the Lie symme-
tries as a criterion for the selection of the unknown potential of
the scalar field and we were able to construct exact solutions for
the Bianchi I spacetime for zero potential V (¢) = 0, constant
potential V (¢) = Vj, and exponential potential V (¢) = e"® . For
the Bianchi II spacetime we obtained solutions for the zero poten-
tial case. In each case, we show that when the WDW equation is
invariant under the action of the three dimensional Lie algebra with
zero commutators, the Hamilton—Jacobi equation of the Hamilto-
nian system, which was defined by the field equations, can be solved
by the method of separation of variables; that means that the field
equations are Liouville integrable. It is important to note that, in the
case of FLRW scalar cosmology, we have more potentials where
the WDW admits Lie symmetries. However, since the Lie symme-
tries are connected to the conformal algebra of the minisuperspace,
in the case of FLRW scalar-field cosmology, the dimension of the
minisuperspace is two, which means that the last admits an infi-
nite number of conformal killing vectors, whereas, for the Bianchi
models, the minisuperspace has dimension four and admits a 15
dimensional conformal algebra, i.e. less possible generators for the
Lie symmetries of the WDW equation.

Finally, we studied the case of the hybrid gravity in the Bianchi
Class A spacetimes. Since hybrid gravity is equivalent to a scalar-
tensor theory, we were able to related all the potentials we found in
the case of minimally coupled scalar field to that of hybrid gravity.

This analysis is important in the sense that can be used in order to
construct solutions of the wave function of the Universe and, at the
same time, conservation laws, and classical solutions for the field
equations. Following the discussion in [56], the presence of sym-
metries gives rise to a straightforward interpretation of the Hartle
criterion: the symmetries generates oscillatory behaviors in the wave
function of the Universe and then allow correlations among physi-
cal variables. This give rise to classically observable cosmological
solutions. Here we generalized this result considering Bianchi mod-
els. On the other hand, other general selection rules can be identified
in quantum cosmology, as discussed in [57]. This will be the topic
of forthcoming papers.

A final remark is now in order concerning the possible applica-
tions of the above solutions. In general, the solutions of the WDW
equation can be used to construct/determine the quantum potential

[24,35,58,59] in the semi-classical approach of Bohmian mechan-

ics [60,61]. Specifically, if the solution of the WDW equation is
B (xk

N\ (xk> =A <xk> (Bl ),where A <xk> is not, in general, a slow-

roll function, then substituting this solution in the WDW equation

gives

H (pe. <) + 0v =0, (93)

where H (pk, xk) is the Hamiltonian function which generates
the WDW equation. Starting from our considerations in the lhs
of Egs. (15) and (45), Qy = A(A), is the quantum potential and

A
3B (x¥) . . —
Pu = —5,r - Equation (93) is the new Hamiltonian of the field
equations providing the semi-classical solution.

Furthermore, in the limit Qy — 0, or A is a slow-roll function,

we are in the WKB approximation if and only if B (xk) is a solu-

tion of the related Hamilton—Jacobi equation. Let us consider now
the wavefunction (21) for the Bianchi I spacetime, where we can
see that, for 1, up € I, the quantum potential is zero. Since the

corresponding function B (xk ) is the classical action integral, this

wavefunction leads to a Kasner Universe as discussed in Sect. 4.1.
On the other hand, for the wavefunction (22), where 1 pn € I*,

and for large values of v/y2 + z2, due to the anisotropic parameters
B1. B2, the wavefunction (22) can be approximated by

cos (\/y2 +zz>
Vi, y,2) = ——————
(y2 +ZZ)4

X exp (z‘ (Im (1) arctan g +Im (m)x>> 94)

—1
and then the quantum potential is Qy = 1 — % (x2 + y2> . The
semi-classical field equations are

. . o Im(u) . Im (1)
x =Im(uy), =2 i=- 95
Ho I = 12 95)
or by selecting the new variables y = r cos#, z = r sin 6, we find
that 7 = 0, thatis, r = rg, and 8 = —In;#t + 6y, where rq is
0

large. Hence

Im
x~t, y=x~rgpcos|— gmt—i—@o ,
o

7 2 rg sin (_Im (zﬂ)t + 9()) , (96)

"o
which differs from the above Kasner solution (26).
In a forthcoming work we will extend our analysis and we study

the difference of the semi-classical solutions arising from the group
invariant solutions of the WDW equation.
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Appendix A: Symmetries of differential equations
and invariant functions

In this appendix, we briefly discuss the basic properties and defi-
nitions of the symmetries of differential equations (DEs). Further-
more we discuss the application of the Lie symmetries of the WDW
equation showing that if the WDW equation admits Lie symmetries,
which form a Lie algebra with zero commutators, then the WDW
equation admits oscillatory terms in the solution as many as the
dimension of the minisuperspace and, at the same time, the Hamil-
tonian system which defined by the field equations is Liouville inte-
grable; that is, the field equations can be solved by quadratures. In
such a case, classical cosmological solutions can be derived.

Lie point symmetries and invariant functions

A

A second-order DE is a function H = H(xi, u’t, u“}, u"}i) in the

jet space By, where x! are the independent variables and u? are
the dependent ones. Let

X =&KX ulya i +nA ok, ul)o,a. (A1)
be the generator of the infinitesimal point transformation

#o=al et oK ), (A2)
it =it ent (h, ub). (A3)

The function H = 0, is invariant under the action of the infinites-
imal point transformation (A2), (A3) if there exists a function A such
that [51]
XP2l(Hy = AH. (A4)

The vector field X is called Lie point symmetry of the function H
and X" is the second prolongation of X in the jet space By,

X =x 454 ax,+nlla 4 (A5)
where
of =+l =l — e (80
and
nlj—n,,+2n3(, &,,uk+n3cu C,
=261 511 ,) ’336” Gty + gty = 261
—5,3 ( ku ij +2u( j l)k) (A7)

The importance of Lie point symmetries is that they can be
used in order to reduce an order of a differential equation. When
a reduction is possible, one can determine invariant solutions or
transform them to other ones [52]. From condition (A4) one defines
the Lagrange system

@ Springer

del  du du; _ dujj
gl n i nij

whose solution provides the characteristic functions
A (xk, u), AR (x u, u; ) ,z21 (xk, u,u, uij>.

The solution Z!¥1 is called the kth-order invariant of the Lie sym-
metry vector (Al). By writing the DE in terms of the invariants
7k ], we can reduce the order of the DE; for details see for instance
[52,53]. Below we discuss the application of the Lie symmetries
and of the Lie invariants for the WDW equation.

Reduction and invariant solutions of the WDW equation by
Lie point symmetries

In order to determine the Lie symmetries of the WDW equation
we apply a geometric method which is established by Paliathanasis
and Tsamparlis [7]. The method relates the Lie symmetries of the
Klein—-Gordon equation to the conformal algebra of the underlying
geometry. Hence, in the following we will not present the construc-
tion of the Lie symmetries of the WDW equation but we will give
the results.

In particular, the general form of a Lie symmetry of the WDW
equation is

X =& (xk) 3 + (2%%\11 —l—a()\ll) dw, (A8)

k

where £ (x ) is a CKV of the metric which defines the conformal

Laplace operator, (in our consideration the minisuperspace) and
v (x*
CKV of g;;, it means that Lg g;; = 2vg;;.

Furthermore, it is possible to consider a coordinate transforma-

) is the conformal factor of the CKYV, recall that since & lisa

tion x! — ! so that &! (xk) 0; — 0y (these are called normal
coordinates). In the normal coordinates the symmetry vector takes

the following simple form:

X=0,+ <2%"1//\1/+a0\1/> A (A9)

where now either with the method of Lie invariants, or with the
method of linear differential operators (see [33] for details) we find
the following expression for the solution of W:

v (;z”,x’) - (;z”) exp U (2%"10 - Qo) dij] . (A10)

from which follows again that the coordinate x’!
from the solution W.

Furthermore, in [7] it was also shown that the symmetries of the
WDW equation can be used in order to find Noether symmetries for
classical particles.3 The exact relation among the Lie symmetries
of the WDW equation, the Noetherian conservation laws of the field
equations, and the interpretability conditions is given in [33].

is factored out

3 A similar methodology by using the variational symmetries has been
established recently in [54].
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