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Abstract: The use of automorphisms of the various Bianchi-type Lie algebras as Lie-point symmetries
of the corresponding Einstein field equations entails a reduction of their order and ultimately
leads to the entire solution space. When a valid reduced action principle exists, the symmetries
of the configuration mini-supermetric space can also be used, in conjunction with the constraints,
to provide local or non-local constants of motion. At the classical level, depending on their number,
these integrals can even secure the acquisition of the entire solution space without any further solving
of the dynamical equations. At the quantum level, their operator analogues can be used, along with
the Wheeler-DeWitt equation, to define unique wave functions that exhibit singularity-free behavior
at a semi-classical level.
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1. Introduction

For pure gravity without any symmetries, Einstein’s field equations consist of an infinite number
of equations because such systems have infinite degrees of freedom. On the other hand, spatial
homogeneity reduces the general case to a system of ten coupled O.D.E.’s (ordinary differential
equations) with respect to time [1,2]: one equation is quadratic in the velocities 7,5 and algebraic in
N2 (Ggp = 0); three are linear in velocities and also algebraic in N* (Gp; = 0); and the remaining six
spatial equations (G;; = 0) are linear in ¥, and depending on N, N, N*, N*, y,, V-

The natural way to proceed with this set of equations is to solve the quadratic constraint for N2
and the linear constraint equations for as many N*’s as possible. Then substitute these results into
the remaining spatial equations. Subsequently, the spatial equations can be solved for only 6 — 4 =2
independent accelerations ,g. The only exceptions occur for Bianchi Type I and III, where we can
solve for 6 — 3 = 3 accelerations; thus, only two of the three linear constraints are independent.
However, a linear combination of the N*’s remains arbitrary and in equilibrium with the existence
of the extra independent acceleration. Therefore, in every Bianchi type, the general solution consists
of four arbitrary functions of time, whose specification corresponds to a choice of time and space
coordinates.

The usual way of approaching this problem in the literature is by gauge fixing the lapse function
N and shift vector N? before doing any calculations. Specifically, the most common choices for the
lapse function are to consider N depending explicitly on time or being a constant value. The situation
for the spatial coordinates is more vague. Most of the time, N*’s are set to zero, and some other times,
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N%’s are retained. However, such choices are not necessarily equivalent. The spatial equations can be
solved for all six independent §,4(t) after this gauge fixing. Thus, the constraint equations reduce to
algebraic restrictions between the integration constants.

Therefore, setting N*(t) = 0 leads to 7,5 = diag(a®(t), b*(t),c*(t)) for Class A types, etc.
However, for the Bianchi Types VIII and IX, the hypothesis N*(¢) = 0 and 1,5 = dia g(a®(t), b*(t),c2(t))
is known to be linked to the kinematics and/or the dynamics although in a somewhat vague way;
see, e.g., [3] and Ryan in [1]. In all other cases, this or any other simplifying hypothesis used is
interpreted only as an ansatz to be tested at the end, i.e., after having solved all the (further simplified)
equations. For example, to take an extreme case, the diagonality of 7,s() together with the vanishing
of the shift vector is known to lead to the incompatibility of Bianchi Types IV and VII (Class B) [4,5],
as well as for the biaxial Type VIII cases (a?,a?,c?), (a?,b?,a?), [5]. The diversity of the various ansatzs
appearing in the literature causes a considerable degree of fragmentation.

Automorphisms has been long suspected and/or known to play an important role in a unified
treatment of Bianchi types. This was firstly mentioned in [6]. Time-dependent automorphism matrices
have recently been used by Jantzen [7,8] as a convenient parametrization of a general positive definite
3 x 3 scale factor matrix 'y,xﬁ(t), in terms of (showed for) a diagonal matrix. Samuel and Ashtekar
have seen automorphisms as a result of general coordinate transformations [9], linking them to
topological considerations.

In the present work, we also adopt a space-time point of view and try to avoid the
above-mentioned fragmentation. This is achieved by revealing those G.C.T.’s (general coordinate
transformations) that permit us to simplify the line-element without losing manifest spatial
homogeneity. Thus, we are able to uncover special automorphic transformations of 7,g(t), along with
corresponding changes of N, N*, which allow us to set N* = 0 and bring ,4(t) to some irreducible,
simple form.

The structure of the work is as follows: In Section 2, we briefly review the classical dynamics in
the scene of [10,11]. Section 3 gives an example of the way in which we exploit the freedom to set
the shift to zero; the solution space of Bianchi I is presented. In Section 4, we present an example of
using the time-dependent automorphism in order to simplify the scale factor matrix 7,p. In Section 5,
the reduced Lagrangian dynamics is reviewed, and the various integrals of motion are presented, along
with a quantization scheme. In Section 6, we give an example by treating classically and quantum
mechanically an FLRW (Friedmann-Lemaitre-Robertson-Walker). Finally, some concluding remarks
are also given.

2. Classical Kinematics

In this section, we review the time-dependent automorphism inducing the diffeomorphisms used
in [10,11] to describe the dynamics of Bianchi-type spatially-homogeneous space-times. Our starting
point is the general line element, written in the adopted coordinates (¢, x") [12]:

ds? = (N (£)Na () — NP(£))dE? + 2Ng (D)ot dx'dt + yop ()0t ol dx'dr, Q)
where o* are the invariant basis one forms, defined through:

do* = ngﬁ NoV e o —oj = Cgvﬂjﬁay, )

with Cg,y being the structure constants characterizing the Lie algebra of the corresponding Bianchi
group. If we use the above line element, Einstein’ s field equations assume, for each Bianchi model,
the form:
Eg=K¥K,—K*~R =0 (3a)
Ey = K,C}, — KLCl, =0 (3b)

Eup = Kap + (2KTKrp — KKyp) + 2NP (Ko Cj, + Kpy Clly) — NRyg =0, (3c)



Symmetry 2018, 10, 70 30f17

where Kyp is the extrinsic curvature tensor:

1.
Kyp = _ﬁ(%‘ﬁ + Z’YMCEPNP + 2’YﬁvCKpr)r 4)

and R,p are the triad components of the Ricci tensor R;; = R, 5(71‘-"0]/.3 , with:

Ryp = CGTCW’YM’)’[;/\’YW’YW‘cmﬁ/\C +2Cmcc/3/\7yv’)’ +2CaKCLVYﬁA7 ®)

The above equations form what is known as a perfect mathematical ideal: the time derivative of
Equation (3a) and (3b) becomes an identity when K, p is substituted from Equation (3¢).

If one aims at the general solution of the above system, one must seek transformations of the
coordinates, which retain the general functional form of the line element (1). To this end, let us consider
the transformation x' = fi(%/,t) and compute its action on the line element.

4 = (N (ONL(0) ~ N2() + 2L o (7108 (F g1

200 () LN e

+207(f) a{; [Na(£) + aﬁ(f)%vaﬁ(t)]dfmdt

oM PP (Frapt) 252 dmae

(6)

We can always find a non-singular matrix A% (%, t) and a triplet P* (%, t), such that:

& of! =A% (%, t)oh (%
o; (f)ayzm (%, 1) o (%) .

()L =P

If these transformations are to preserve manifest spatial homogeneity, Ay and P* should not
depend on the spatial point %, i.e, A% (%,t) = Aj(t) and P*(%, ) = P*(t). This requirement alters the
nature of Equation (7) from mere allocations to a system of first order, highly non-linear PDE’s for
the unknown functions f!(%,t). For these particular f’s, one can write down the line element (1) in
the form:

ds? = (N*(t)Ny(t) — N2(t))dt* + 2N, (t)o? (Z)dx'dt + '7a5(t)af‘(f)(rjﬁ(f)dfidfj. 8)

With the allocations:
N=N  No=AN+7%0P) T = AsA yep. )
The Frobenius theorem guarantees that there exist local solutions to the system (7), as long as the
integrability conditions afmaxn axa:W nd aizmat = ataxm hold true. These conditions, by repeated

use of Equation (7), reduce to the form:

Agcg7 =C;, AgAV & Cj, = sgAgAgcﬁv (10)
2PICy, Ap = A, (11)

with S being the matrix inverse to A. The first of the above equations signifies that A belongs to the
automorphisms of the corresponding Lie algebra. The solution to the above equations can easily be
found for all Bianchi types. The general result is that in all cases, three arbitrary functions of time,
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along with a number of constants, enter the form of Aj and P. There is also a fourth arbitrary function
of time due to the usual freedom to change the time coordinate t = g(f). All this freedom is at our
disposal in order to simplify the line element and thus the ensuing Equation (3a)—(3c). There are
essentially two ways to use the three arbitrary functions of time:

1. The first is to make the shift N* zero. Then, the residual rigid “gauge” freedom described by
Ag = constant, P’ = 0 provides us with Lie point symmetries, which can be used to reduce the
order of the equations and ultimately acquire the entire solution space. In such a way, the general
solution of Bianchi Types I-VII has been uncovered.

2. The second is to simplify the scale factor matrix and then proceed to solve the reduced form of
the equations. This option is more suitable for the case of Bianchi Types VIII and IX, since in this
case, the time-dependent A suffices to diagonalize -y, and then, Equation (3b) enforces N* = 0.

In the spirit of the first way, we present the complete solution space for Bianchi Type I. The rest of
the above-mentioned types afford the same method: one brings in normal form the generator of the
maximal Abelian subgroup, thus reducing the order of the system of equations for the corresponding
dependent functions. At this point, since the initial automorphism group is solvable, we are assured
that the remaining generators are still symmetries of the reduced equations. By repeating the same
procedure, we end up with one differential equation in terms of one dependent variable. This equation
through a finite Lie-Backlund transformation is cast into the Painleve VI transcendental. This holds
true for all Types II-VII; see [13-16].

3. Bianchi Type I

In this model, all structure constants are zero. The general solution of Equations (10) and (11) is:

% = constant (12)
P* = (P'(t), P(1), P*(1)). (13)

Therefore, with the use of three arbitrary functions of P*, it is possible to set the shift vector equal
to zero, N, = 0, by using (9) and selecting:

PP = —4P7N,. (14)

It is also useful to choose the time gauge N = /7. Under these conditions, Equation (3b) is
identically satisfied, while (3a) and (3c) become:

Eo = Tr[(yv '49)%] — (Tr(y'9))? =0 (15)
d
Eg=—2(r'1) =0, (16)

where 7 is a general symmetric matrix with all its components depending on time. The second equation
is integrated and gives:
17 =0=17=10, (17)

where © is a general constant 3 x 3 matrix. Because there is additional freedom to use the constant
automorphisms A% (see Equation (9) with P* = 0), the matrix ® can be simplified:

v =AT3A = ATHA = ATHAO = 47 = JAOA ™! = O = AOA L. (18)

Thus, the solution space is divided into different parts according to the nature of the eigenvalues
of ®.
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3.1. Three Unequal Real Eigenvalues

If one assumes the following decomposition of a general matrix A as AjAyAj:

VAL 0 0 1 x vy
AM=|0 VA 0|, A=1]01 z|, A3=03; OlO03=1 (19)
0 0 VA3 00 1

A3 can be used to bring the matrix ® into upper-triangular form:

0 012 b3
O=1|0 6, 6xn (20)
0 0 6

The next step is to use A, to diagonalize ©. Therefore, without loss of generality, we have:
T7=70 (21)

where ©® = diag(x, A, ) on which the matrix A; does not have impact (because both of these are
diagonal and the transformation is a similarity transformation). Since -y is a symmetric matrix, it follows
that ¢ is symmetric, as well. Therefore, there are additional conditions for the product 7y, that is,
it should hold:

10 = (10)T = 70 — @y = 0. (22)

These relations, for 6y, 62, 83, being different and non-zero, lead to the following restrictions:

Y12 =713 = 723 = 0. (23)
Therefore, we have the equations:
KA+ — (k+ A+ p)> =0= kA +xv+Au=0 (24)
and:
Y1 =K1, Y2 =AY2, 1B = EYs (25)

This system is simple and can be straightforwardly integrated; however, it is useful to deal with
it more formally as a consequence of the existence of the unused symmetries corresponding to A;.
The transformations in the space of the dependent variables (11, ¥22,¥33):

Y11 =M1, Y2 = A2, V33 = A3Y33, (26)

constitute the symmetries of the system of the above equations. The three symmetry generators are:

0 d ]
Xi=m15-— Xo=725—— X3=715_— (27)
R T T2y 973

The three corresponding generators commute; there is thus a transformation bringing them in
canonical form, which is:

yin=¢" m=e’, ;3 =c¢. (28)

In the new dependent variables, the generators become:

J J )
X == Xzzﬁl X3:87c’ (29)
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showing that the system will not depend on (a, b, ¢), but only on their derivatives. Therefore, we have:

i=x, b=A, c=u= (30)
a=xt+d;, b=At+dy, c=put+ds, (31)
with kA + Ay 4+ xp = 0. The constants dq,dy, d3 are absorbed with a scaling of x,y, z, and the line

element is:
dSZ — _eK-‘r?H-ytdtZ + ethXZ 4 eAtdyZ + eytdZZl (32)

which is the Kasner solution [17].

3.2. Three Real with Two Equal Eigenvalues

In this case, the ® matrix, using the restrictions from Equation (18), can be brought in the
irreducible form:

6, 1 0
e=| 0 6 0 |, (33)
0 0 6

where 61 and 60, are real valued. Extra restrictions on the 8’s are produced by Equation (15), resulting in:

— 291(01 + 292) =0. (34)

The later equation implies that 6, # 0 in order to have a non-trivial solution. Thus, by dividing it
with 63:

—201(61+26;) =0=A(A+2) =0, (35)

where A = 01 /60,. This equation has two solutions, A = 0 and A = —2. Therefore, using Equation (21)
and then setting T = 0,¢, we evaluate the elements of -:

Y1 =713=723=0 (36)

712 = c1e’” Y22 = " (cy + oot) 733 = cze. (37)

Finally, the line element without the non-essential constants is written:

ds? = —ePMTA? 4 eTdx? 4 T dy? 4 20 dydz. (38)
This metric belongs to the Harrison [18] family of metrics and has a homothecy produced by:

H =207 +2xA0x + (A + 1)ydy + (z(A + 1) —y)0.. (39)
Furthermore, for the special case of A = 0, this metric is a pp-wave.

3.3. Case with One Real and Two Complex Conjugate Eigenvalues
In this case, the corresponding ® matrix is reduced to:
67 0 O

o= 0 6 6 |, (40)
0 —0; 6,
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where the eigenvalues are 0y, 0 + i63 and 6, — if3. If we follow the same procedure as previously,
the matrix form for 7,4 is written as:

ciefit 0 0
Yap = 0 e%f[cycos(Bst) — c3sin(Bat)]  e%f[co cos(Bst) + c3sin(B3t)] |, (41)
0 e%!cycos(Bst) + c3sin(B3t)]  eP2f[—co cos(B5t) + c3sin(63t)]

where c;, ¢ and c3 are real constants. The first condition for these constants is produced by
Equation (15) reading:
—2(2616, + 63 +63) = 0. (42)

The constants 6; and 03 are non-zero, so it is possible to divide the former equation by 9%93, and
then, redefine the constants as:

21 65 . 6,

A+ BA2 4B = = =3 A=2
TRV Hp=0p= g, B 6,

(43)

Therefore, by setting T = p61t and by doing proper transformations in order to absorbthe
non-essential constants, we produce the final metric:

ds? = —eME T2 4 oT/Bgx® — oM sinTdy? + 26T cos Tdydz + ¢ sin TdZ?, (44)
which has a homothecy generated by the following vector field:
H = —4M37 — 4A%x0x + (y(—AT1) +2A2)0, — (z(A* — 1) 4+ 2Ay)dy. (45)

The same metric has been produced for the first time by Harrison [18], who however used a
different approach.

3.4. Case with Three Equal Eigenvalues

In this case, the ® matrix is:

6, 1 0
e=| 0 & 1 |. (46)
0 0 6

If we follow the same procedure as previously, the matrix form for -y, is written:

2C1 —2cyt 2C3
Yap =€ | —20t 1 0o |, (47)
203 0 0

where ¢1, ¢p and c3 are real constants. From Equation (15), we have that 6; = 0.
Thus, by doing proper transformations in order to absorb the non-essential constants, we produce
the final metric:
ds? = dt* + 2t%dx® + dy? — Atdxdy + 4dxdz, (48)

which has homothecy described by the following vector field:
H = to; +ydy + 2z0;. (49)

Furthermore, this metric is a pp-wave because for the Killing field u = {3 = d;, we have u; = 0
and u"u, = 0.
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4. Diagonalizability of v, for Types VIII-IX

Let us begin by recalling that, in three dimensions, the structure constants tensor Cg7 can be
represented as [19]:
ng = m“0€557 + 1//35,"; — U,yég, (50)

with m* a symmetric tensor density of weight —1 and vg = %Cga. The condition that A is an
automorphism of the Lie algebra translates into the following requirements:

m*® = |55 5P (51)

Vy = Agvﬁ. (52)

The symmetry groups for Bianchi VIII and IX m*F are characterized by:
mP = diag(e,1,1) and vg =0, (53)

where € = —1 for Bianchi VIII and € = 1 for Bianchi IX.

From Equations (51) and (52), we can deduce that A%(t) is an element of the three-dimensional
proper Lorentz group or the group of rotations for VIII and IX respectively. Since there are no other
restrictions on A%(#), P*(t) takes the form:

1 )
pP* = @eﬁmmaﬁ‘/\;/\gmw. (54)

Due to the fact that i) A%’ s are the isometries of the Minkowski metric in the first case and of the
Euclidean in the second one and ii) 7,4 is positive definite and thus always diagonalizable, we arrive
at the reduced form 7,5 = diag(a®(t),b2(t),c2(t)).

At this point, having spent our freedom in three arbitrary functions of time, we are left with the
unknown lapse and shift in addition to a(t), b(t), ¢(t). Invoking the linear constraint Equation (3b),
we get the relations:

N! (b(t)z - c(t)2> =0 N? (a(t)z - c<t)2) =0 N? (a(t)2 - b(t)2> =0, (55)

which in the generic case (a(t) # b(t) # c(t) # a(t)) imply that the shift vector is zero. The particular
cases of axisymmetry are analyzed as follows:

Case IX Suppose a(t) = b(t). Then, Equation (55) implies that N' = N? = 0 and N3(#) is unrestricted.
However, there is an extra rotation in the plane (1-2), which has no effect on the form of .
This particular matrix, being an automorphism, can be used to absorb the N 3; see Equations (9)
and (54). The situation with a(t) = c(t) or b(t) = c(t) is exactly the same.

Case VIII For the case b(t) = c(t), we follow exactly the same reasoning and arrive at zero shift,
as well. Of particular interest and less known is the fact that the case b(t) = a(t) or c(t) = a(t)
leads to the incompatibility of the resulting Einstein Equation (3c) (for the first time reported
in [5]); they require — 22((:)2

as follows: while the transformation matrix that leaves the form of -, invariant is still a rotation,

the corresponding allowed one is a boost; thus, the form of Yap becomes block diagonal when
the shift is zero, showing the incompatibility.

= 0. This fact can, in view of the transformations (9), be understood

5. Reduced Dynamics
Our starting point is the action of Einstein’s gravity plus matter:

A

o /1/—ng4x+sm, (56)

S:
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where g is the determinant of the space-time metric guv, R the Ricci scalar and Sy, the action of
the matter content. In the case that the manifold has a specific group of isometries, such as spatial
homogeneity, the line element can be decomposed in the following form:

452 = —N(12dR + e (1)F (x)0 (x)dx'dd, 57)

where N is the lapse function. Note that the more general line element should also have a
shift term (2N,o%(x)dx'dt), which can always be made to vanish through a particular coordinate
transformation [10] (however, one has to keep in mind that in several cases, it may so happen that this
absorption can be performed only locally, since it can result in altering the topology of the time axis).
If one inserts this line element into Einstein’s equations (obtained by varying the action with respect

to guv):

1 8nG
G‘lll/ =Ry — Egpn/R = CTTW// (58)
with T, = \/%*gggﬂ' one arrives at a set of coupled ordinary differential equations with t as

the independent dynamical variable. On the other hand, if the action (56) is calculated using the
decomposed metric (57), integrating out the non-dynamical degrees of freedom, the full gravitational
system may be successfully described by the reduced action. If this happens, this action is called valid.
This reduced system has finite degrees of freedom, and it is thus more easily quantized.

The Lagrangian of these mini-superspace systems has the general form (for simplicity in what
follows, we choose to work in units ¢ = G = /i = 1, a choice that reflects the typical geometric and
quantum mechanical units):

1

L= 250 Cop (7077 (0) = N(OV (), &)

where ' = 4 while V(g) and Gqup(q) are the mini-superspace potential and metric, respectively.
The variables g* are functions of the matrix scale factors 7y, i.e., ¢ = q*(vuv). This Lagrangian
corresponds to a singular system. The associated Hamiltonian is written as:

HT = N%JFMNPN,

which is produced with the help of the Dirac-Bergmann algorithm for singular systems [20,21].
This Hamiltonian has the following primary and secondary constraints:

PN = O/ (603)
1 —u ﬁ
H = EG papp +V(q) = 0. (60b)
In what follows, we will use the constant potential parametrization in which all the information

about the system is included inside the mini-superspace metric. This parametrization is achieved if we
adopt the following transformation N + n = N V; thus, the transformed Lagrangian is:

1

L= 2y Cop (@7 (D77 (D) = n(t), (61)

with Gug =V Gy p being the new mini-superspace metric. The corresponding Hamiltonian constraint becomes:

1
H = EG“ﬁpapﬁ +1~0.
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It is easily proven that there can be conserved quantities (linear in momenta), modulo the
constraint [22], with the general form:

Qi = &H@pa+ [n(Dn(q(e)at, (62)

with:
ggG,x’g = w(q)Galg,

where 7 is the Lie derivative with respect to the configuration space vector ¢. The above conserved
charges correspond to conformal (w(g) # 0), Killing (w(g) = 0) or homothetic (w(q) = constant)
vector fields of G,g. The charges that correspond to Killing vector fields strongly commute with
the Hamiltonian, a property that is extremely useful in the process of quantization. In the system
under consideration, there could arise non-trivial higher order symmetries; see for example [23-26].
These symmetries are generated by second order Killing tensors, defined through:

V}LKW\ + VAK;W + VUK/\y =0, (63)

Ky = Ky (64)
These tensors are separated into two categories: the first includes the trivial tensors constructed

by tensor products of Killing vector fields:

Kyv = (§u®§v+§v®‘§y)/ (65)

N =

or the metric itself, while the second contains all the rest, which are designated as non-trivial.
The corresponding phase space quantities K = K*p, p, have vanishing Poisson brackets with
the Hamiltonian constraint and therefore constitute constants of motion:

K= KWP;:PV = {K, 2} =0. (66)

The next step is to construct a canonical quantization scheme for the Lagrangian (61). We assume
that the mini-supermetric G,p possesses some Killing vector fields ¢; and some Killing tensor fields
Kj where I, | are indices that label each of them. To each Killing vector and tensor field corresponds
an integral of motion. We begin by assigning differential operators to momenta and replace Poisson
brackets by commutators:

~ . 0 ~ . d .
Pann:_l%/ PaHPa:_lwr {/}%_1[/]/

while the operators corresponding to q* are considered to act multiplicatively. In order to solve
the factor ordering problem of the kinetic term of J#, we choose the conformal Laplacian
(or Yamabe operator) (see e.g., [27]),

—

__1 ap a-2
T = ZMa“(VG aﬁ)+8(d_1)%’+1, (67)

where p(q) = /| det Gpl, 0a = %, Z is the Ricci scalar and d the dimension of the mini-superspace.
This choice is essentially unique on account of:

1.  The requirement for the operator to be scalar under coordinate transformations of the
configuration space variables ¢°.

2. The requirement to contain up to second derivatives of Gy, since the classical constraint is
quadratic in momenta.
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3. The requirement to be covariant under conformal scalings of G, since this is also a property of
the classical system.

A further property of the definition (67) is that it will be Hermitian in the Hilbert space of the
quantum states, if of course appropriate boundary conditions are fulfilled, e.g., square integrability
of the derivatives of ¥(g) [28]. However, in view of the fact that any particular combination of the
q%’s can, at the classical level, be considered as representing the time, such a property is not in general
expected to hold. This can be considered as a reflection of the famous problem of time in quantum
gravity /cosmology [29,30].

As far as the classical symmetries (62) and (66) are concerned, they can naturally be
transferred to operators by formally assigning to Q; the general expression for linear first order,
Hermitian operators [31] and to K; a pseudo-Laplacian operator [32]; thus, the corresponding forms
are respectively:

~

O = —% (HEMDy + D (HEY)) = — 20, (68)
~ 1 «

In (68), the last equality holds due to the ¢;’s being Killing vector fields. The linear symmetries
exactly commute with the Hamiltonian only in the constant potential parametrization [33]
i.e., commutators of the following form are zero:

[Q1, #] = 0. (70)

By virtue of the above relations, it is possible to use some of the Qr’s as quantum observables
together with /7 as long as they have a common set of eigenfunctions. Therefore, our quantum system
will obey the following conditions:

pn¥ =0 (71a)
HY =0 (71b)
QY = «1Y¥, (710)

where the first is restriction induced by the primary constraint and the second one is the
Wheeler-DeWitt equation. The number of Q; that can be consistently imposed on the wave function is
prescribed by the integrability condition [34]:

C%IKM = 0, (72)

where ) are the eigenvalues and C%I the structure constants of the sub-algebra under consideration.

Similar considerations apply when some of the 12] are also used. In order for these quadratic
quantum observables to be consistently imposed, there are geometric conditions involving the metric

and the K?ﬁ ’s that need to be satisfied [32].

6. Massless Field in the FLRW Universe

6.1. Classical Treatment

We now turn to the study of FLRW geometries [35]. These belong to the Bianchi classification;
note, however, that they appear as special solutions of several Bianchi types. The spatially closed
case belongs to the Bianchi Type IX model, the spatially open to Type V, while the spatially flat to the
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Bianchi Type I. We solve in detail the k # 0 cases and only mention the final result for the spatially flat
case. The general form of the line element of an FLRW space-time is:

dr?

1— kr?

ds* = —N%(t)dt* + a®(t) ( + 12d6% + 1? sin® Gd(pz) , (73)
where N(t) is the lapse function and a(t) is the scale factor. For this space-time, the total Lagrangian
for the gravity plus matter system is:
6aa®>  a¢?
L =6Nka — —— + ——, 74
N TN (74)
where a term of a total time derivative has been discarded. This Lagrangian has a singular form, and
the procedure of integration of the system via the conditional symmetries applies here. To this end,
we have to turn to the constant potential parametrization (For k = 0, the Lagrangian is already in the
constant potential parametrization. This results in the existence of numerous rheonomic integrals of
motion corresponding to the infinite number of conformal Killing fields in two dimensions.) by setting
n = 6 kNa, resulting in:
_ 36ka*a* | 3ka'¢?

L=n — =, (75)

with the corresponding Hamiltonian constraint and supermetric respectively:

2 2
Pa Py —12a 0
= - -1= = . 7
7ok 12ka 0, Gup = 6ka ( 0 & (76)

This supermetric represents a flat two-dimensional space, admitting the following three
symmetries and the homothecy:

P/ V3 $/V3 —¢/V3 —¢/V3
_e a_Zﬁe 3 g:e a+2\/§e

a ¢r 2 a

a
a [,12 a az 847/ 63 = a(PI Ch - Zaa, (77)

1
where the numbered indices denote the Killing fields, while /1 denotes the homothetic field.
These symmetry generators satisfy a Lie bracket algebra with the following non-vanishing elements:

.6l = -t [bl= 28 Eal=gh @)= 78)

For the case k = 0, the corresponding algebra is the same, but with structure constant coefficients
being C}, = C3; = @, Cl, =G5 = % The corresponding integrals of motion in the configuration
space are:

12¢v3ka (6[1 + \/§a4'>) 12¢ Vaka (—6a + \@aqs)
Ql = - n ’ Q2 = n ’ (79)
4 i 3.
Q= ¢ o 18k [ dento). (80)

n n
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In order to determine the line element, the system Q; = «; for i = 1,2,3, with «; constants is
algebraically solved. The solution is:

¢
2 x 3174, /icze2v3
i= ——

2747 7
—K1 + Kze\/§

¢ 2
23 v
45— VKaer Sk + Koe )fP, (82)

20
3U/4(—; + Kpe V3 )3/2

(81)

2
288xzev3ike
N (83)
(k1 — K2 V3)?
2
V3
/ﬂﬂﬂz—m—“%““+“e), (84)

29
2(x1 — KeV3)

while a relation for the constants appearing in the system is also found by the only non-trivial
consistency condition & [ dt n(t) =n,

K1K2 + 144k = 0. (85)

This relation is the constraint equation of the theory, and it is interesting to note that the Casimir
invariant of the algebra is the term Q1Q», which is also the kinetic part of the Hamiltonian.

For the case of k = 0, the system of equations is Q; = «;, where i = 1,2, 3, h must be solved by
setting one of the constants x;, x; equal to zero. This is necessary because of the vanishing of the
constraint and the fact that its kinetic part when expressed with respect to Q;’s equals Q1 Q. As before,
it is also here true that this product is the Casimir invariant of the algebra.

At this stage, the solution will still contain an arbitrary function of time, representing the time
reparametrization invariance (since no gauge fixing has been so far assumed in the derivation).
Choosing the gauge ¢ = Int, we find that the solution is:

1 V3
2 x 314 /ist2vs 8 x 33/4 /st 1+7
a= 3 N = 3

\/ —x1 + Kztz/\/g’ (—#1 + 122/ V3)

By inserting it in the line element (73) and performing proper coordinate transformations in order
to absorb the redundant constants, the final line element of the space-time is:

(86)

A dT? +

ds? = ————
4VT(1 + Tk)3 (1+Tk)

AT dr? 2902 4 2 20 2
(1—r2k+rd6 + 7 sin qu)). (87)
This geometry has one essential constant, as can be shown by using the methodology of [36,37].
The Ricci scalar is:

3(Tk +1)3
R=""apmy %)
where we have set A = — ';(33 7> rendering the metric element singular for both T — 0 and T — co.

The same steps for the spatially flat case lead us to the solution:

ds® = —dT? + T*3dr? + T2/32d62 + T*/31* sin® §d . (89)
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This space-time metric is conformally flat with Ricci scalar:

2
R=——. 90
T2 (90)
It does not contain any essential constants characterizing the geometry and the matter content of
the space-time, and as can be seen from the form of the Ricci scalar, a singularity for T — 0 appears.

6.2. Canonical Quantization and Semiclassical Analysis

We next canonically quantize the classical system. Promoting the constraints, as well as the first
integrals Q; to operators and imposing them on the wave function gives the following quantum equations:

A ie?/V3(—605¥ + /300, ¥
Oy = - \"’@az Dy, (91)

3 ie=/V3(69,¥ + /309, ¥
Q¥ = - ( f@az Y _ o, 92)

Q¥ = —idp¥ = x3¥, (93)

Py —144ka*¥ —120pp¥ + a(9,¥ + a04,Y)
144ka*

=0, (94)

where the measure is p(a,¢) = 6v/3a%k. The quantum equations Q;¥ = ;¥ that can be
imposed simultaneously according to the condition (72) are the two-dimensional (Ql, QZ) and the
one-dimensional Q1, Oy, Q3. The one-dimensional sub-algebras spanned by the operators 01,0, give
solutions that are special cases of the two-dimensional case [38].

6.2.1. Subalgebra (Q1, Q)

For the case of the two-dimensional sub-algebra, we solve Equations (91), (92) and (94).
The solution for the wave function is:

a2 ¢ KA
Y = Aexp (i4(K1€ V3 +K2€\/§)) . (95)

The semiclassical analysis is next performed following Bohm as explained in the Introduction.
This wave function is written in polar form, and we can see that the amplitude () is constant. Therefore,
the quantum potential will vanish, rendering the solution for this case the same as the classical metric.
Indeed, if we solve the semiclassical solutions:

1 _ 144kaa

2° (*e P13 (xy +6’2‘P/ﬁ1{2)) T ©e)
a2 _ 72ka?
o (\/ge 4]/\@(1{1 - 624)/\/31{2)) == 4), 97)

_9 2
with phase function S = %a2e V3 (k1 + Kkpe V3 ), we indeed find the same line element as in the classical
case. The same conclusion also holds for k = 0.
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6.2.2. Subalgebra Q3

In the case of the one-dimensional algebra, the system of equations is formed by Equations (93)
and (94). The wave function is:

Yoi(a,¢) = ¢S (A1l_; 5, (6a%) + BiL, 5, (64%)), (98)
Yop(a,¢) = €99 (A2]_; 13, (64°) + Ba], 13, (607)), (99)
for the closed and open case respectively. In order to write the wave function in polar form, for the
sake of the semiclassical analysis, approximation limits are taken for small and large arguments of the
Bessel functions. The use of the simplifying assumptions A; = B;, Ay = Bj renders the, common for

the two cases, wave function:
Yo ~ 1679 cosIna. (100)

Similarly, for the large values assuming again A; = By, Ay = By, the wave function becomes:

2

e sin(6a?) ;
¥~ Comn, ey SO0 g (101)
: ; — 1 : 1 _ 144a*

The qufmtum potential for small values does not vanish Zs,;, = TaaraA while 27 = — Taia% and

Qfap = 14{2’;@? . The phase function is S = x3¢. The solution of the semiclassical equations with respect
to (a,n) is:

6ka*
a=c, n=-—a, (102)
K3

and has a remaining freedom for the scalar field, which we select to be such that the lapse function
N(t) of the semiclassical element is the same as for the classical, that is:

2
3/4,41/3/2 48k2/V3  « 3/2 144k2/V3 1 3.7._ 144ktV3
, (103)

c3(144kt2/V3xy + 13)

o) = -

where ,F (4, b; c;d) is the Gauss hypergeometric function. Inserting the solution in the four-dimensional
element and after proper coordinate transformations, the space-time metric is written:

A a2 ;

d? = —— N gy
4yT(1+ Te)3 1—er?

dr® +12d6? + r? sin? 0d ¢?, (104)

where the sign (+) accounts for the closed case and (—) for the open case while the identification
= % has been considered in order for the constant A to coincide with that one in the classical
metric. This space-time has the interesting property of having a constant Ricci scalar R = 6k, all higher
derivatives of its Riemann tensor zero and all curvature scalars constructed from its Riemann tensor
constant. Hence, there is no curvature and/or a higher derivative curvature singularity.

Following the same procedure for the spatially-flat case, we find that the wave function is of

the form:
Y (a,p) = e"3? (Ag, cos(2v/3x3 Ina) + Bz sin(2v/3x3 lna)) .

Note that in this case, there is no need to make an approximation in order to write it in polar
form as it is already in this form with Q = A3 cos(2v/3xk3Ina) + B3 sin(2/3x3Ina) and S = x3¢. The line
element we obtain is:

ds* = —dT? + dr? + r*d6® + r* sin® 0d p?. (105)
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This space-time is the Minkowski space-time and does not contain any essential constants.
Therefore, there is no singularity for the range of all times, since no approximation limits have
been considered here.

7. Resume

We have seen how the automorphic motions of the scale factor matrix, the lapse and the shift arise
from particular space-time coordinate transformation. These motions can be used to either set the shift
vector to zero or simplify the scale factor matrix. In the former case, as we have seen in the example
of Bianchi Type I (Section 3), the remaining rigid symmetry of constant automorphisms provides Lie
point symmetries of the equations of motion. In the latter case, once the time-dependent automorphic
matrices have been used to simplify v,5(t), the linear constraints provide some extra information
about the shift. Thus, in Section 4, we have given the examples of Bianchi Types VIII and IX, showing
how the linear constraints dictate the vanishing of the shift vector when 7,4 is diagonalized.

When the equations admit a reduced Lagrangian, further symmetries of the configuration space
metric can be present, which result in linear local and non-local integrals of motion, as well as quadratic
(higher order symmetries produced by Killing tensors). A general discussion about these subjects is
given in Section 5, at the classical level. Moreover, at the quantum level, the WDW (Wheeler-De Witt)
equation can be supplemented by the quantum analog of the integrals of motion; thus, unique wave
functions can be obtained, which exhibit a non-singular semi-classical behavior. An example of such a
type of treatment is given in Section 6, where a massless scalar field coupled to an FLRW geometry
is presented.

Acknowledgments: Adamantia Zampeli acknowledges support from grant GACR 14-37086G.

Author Contributions: Theodosios Christodoulakis developed the automorphism inducing diffeomorphisms
which are used throughout the cosmological classical dynamics and coordinate the whole project.
Alexandros Karagiorgos applied the previous method to Bianchi type I and took care of the entire editing
process. Adamantia Zampeli provided the FLRW plus a massless scalar field minisuperspace and proofread
the manuscript.

Conflicts of Interest: There are no conflict of interest for any author.

References

Ryan, M.P, Jr. Hamiltonian Cosmology; Springer: New York, NY, USA, 1972.

Wald, RM. General Relativity; Chicago University Press: Chicago, IL, USA, 1984.

Landau, L.D; Lifshitz, E.MM. The Classical Theory of Fields; Pergamon Press: Oxford, UK, 1986.

MacCallum, M.A.H. On “diagonal” Bianchi cosmologies. Phys. Lett. A 1972, 40, 385.

Christodoulakis, T.; Korfiatis, E. Variational principles vs. Spatial homogeneity. Il Nuovo Cimento B 1994, 109,

1155-1168, doi:10.1007 /BF02726679

6. Heckman, O.; Schiicking, E. Relativistic Cosmology in Gravitation (an Introduction to Current Research);
Witten, L., Ed.; Wiley: Hoboken, NJ, USA, 1962.

7. Jantzen, R.T. Spinor sources in cosmology. J. Math. Phys. 1982, 23, 6.

Ol LN

Uggla, C.; Jantzen, R.T.; Rosquist, K. Exact hypersurface-homogeneous solutions in cosmology and
astrophysics. Phys. Rev. D 1995, 51, 5525-5557.

9. Samuel, J.; Ashtekar, A. Bianchi cosmologies: The role of spatial topology. Class. Quan. Grav. 1991, 8, 2191.

10. Christodoulakis, T.; Kofinas, G.; Korfiatis, E.; Papadopoulos, G.; Paschos, A. Time-dependent automorphism
inducing diffeomorphisms in vacuum Bianchi cosmologies and the complete closed form solutions for types
IIand V. J. Math. Phys. 2001, 42, 3580-3608.

11.  Christodoulakis, T.; Korfiatis, E.; Papadopoulos, G.O. Automorphism Inducing Diffeomorphisms. Invariant
Characterization of Homogeneous 3-Spaces and Hamiltonian Dynamics of Bianchi Cosmologies. Commun.
Math. Phys. 2002, 226, 377-391.

12.  Jantzen, R.T. The dynamical degrees of freedom in spatially homogeneous cosmology. Commun. Math. Phys.
1979, 64, 211-232.



Symmetry 2018, 10, 70 17 of 17

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Christodoulakis, T.; Terzis, P.A. Automorphisms and a cartography of the solution space for vacuum Bianchi
cosmologies: The Type III case. J. Math. Phys. 2006, 47, 102502.

Christodoulakis, T.; Terzis, P.A. The general solution of Bianchi type III vacuum cosmology. Class. Quant.
Grav. 2007, 24, 875-887.

Terzis, P.A.; Christodoulakis, T. The general solution of Bianchi type VII h vacuum cosmology. Gen. Rel.
Gravit. 2009, 41, 469-495.

Terzis, P.A.; Christodoulakis, T. Lie algebra automorphisms as Lie-point symmetries and the solution space
for Bianchi type I, I, IV, V vacuum geometries. Class. Quant. Grav. 2012, 29, 235007.

Kasner, E. Geometrical theorems on Einstein’s cosmological equations. Amer. |. Math. 1921, 43, 217.
Harrison, B.K. Race for the Kerr field. Phys. Rev. 1959, 116, 1285-1296.

Ellis, G.FR.; MacCallum, M.A.H. A class of homogeneous cosmological models. Commun. Math. Phys. 1969,
12,108-141.

Dirac, P.A.M. Lectures on quantum mechanics. Can. |. Math. 1950, 2, 129-148.

Anderson, J.; Bergmann, P. Constraints in covariant field theories. Phys. Rev. 1951, 83, 1018-1025.

Kuchaf, K. Conditional symmetries in parametrized field theories. J. Math. Phys. 1982, 23, 1647-1661.
Terzis, P.A.; Dimakis, N.; Christodoulakis, T.; Paliathanasis, A.; Tsamparlis, M. Variational contact symmetries
of constrained Lagrangians. . Geom. Phys. 2016, 101, 52.

Karagiorgos, A.; Pailas, T.; Dimakis, N.; Terzis, P.A.; Christodoulakis, T. Quantum cosmology of a Bianchi III
LRS geometry coupled to a source free electromagnetic field. arXiv preprint, 2017, arXiv:1710.02032.
Tsamparlis, M.; Paliathanasis, A. Symmetries of second-order PDEs and conformal Killing vectors. J. Phys.
Conf. Ser. 2015, 621, 012014.

Tsamparlis, M.; Paliathanasis, A.; Karpathopoulos, L. Exact solutions of Bianchi I spacetimes which admit
Conformal Killing vectors. Gen. Rel. Grav. 2015, 47, 15.

Christodoulakis, T.; Dimakis, N.; Terzis, P.A.; Doulis, G.; Grammenos, T.; Melas, E.; Spanou, A. Conditional
symmetries and the canonical quantization of constrained minisuperspace actions: The Schwarzschild case.

J. Geom. Phys. 2013, 71, 127.

Vilenkin, A. Boundary conditions in quantum cosmology. Phys. Rev. D 1986, 33, 3560.

Kuchar, K. The problem of time in quantum geometrodynamics. In The Arguments of Time; Oxford University
Press: Oxford, UK, 1999.

Isham, C.J. Canonical quantum gravity and the problem of time. In Integrable Systems, Quantum Groups,
and Quantum Field Theories; Springer: Rotterdam, The Netherlands, 1993; pp. 157-287.

Christodoulakis, T.; Korfiatis, E. Contact transformations and the quantisation of constraint systems.
Phys. Lett. B 1991, 256, 457-464.

Benenti, S.; Chanu, C.; Rastelli, G. Remarks on the connection between the additive separation of the
Hamilton—Jacobi equation and the multiplicative separation of the Schrédinger equation. I. The completeness
and Robertson conditions. J. Math. Phys. 2002, 43, 5223-5253.

Christodoulakis, T.; Dimakis, N.; Terzis, P.A.; Doulis, G.; Grammenos, T.; Melas, E.; Spanou, A. Quantum
cosmology of a Bianchi III LRS geometry coupled to a source free electromagnetic field. ]. Geom. Phys. 2013,
73,127-138.

Christodoulakis, T.; Gakis, T.; Papadopoulos, G.O. Conditional symmetries and the quantization of Bianchi
Type I vacuum cosmologies with and without cosmological constant. Clas. Quant. Grav. 2002, 19, 1013-1026.
Zampeli, A.; Pailas, T.; Terzis, P.A.; Christodoulakis, T. Conditional symmetries in axisymmetric quantum
cosmologies with scalar fields and the fate of the classical singularities. ]. Cosmol. Astropart. Phys. 2016, 05, 066.
Papadopoulos, G.O. On the essential constants in Riemannian geometries. J. Math. Phys. 2006, 47, 092502.
Christodoulakis, T.; Hervik, S.; Papadopoulos, G. Essential constants for spatially homogeneous Ricci-flat
manifolds of dimension 4 + 1. J. Phys. A 2004, 37, 4039-4058.

Christodoulakis, T.; Dimakis, N.; Terzis, P.A.; Doulis, G.; Grammenos, T.; Melas, E.; Spanou, A. Conditional
symmetries and the canonical quantization of constrained minisuperspace actions: The Schwarzschild case.
J. Geom. Phys. 2013, 71, 127-138.

® (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Classical Kinematics
	Bianchi Type I
	Three Unequal Real Eigenvalues
	Three Real with Two Equal Eigenvalues
	Case with One Real and Two Complex Conjugate Eigenvalues
	Case with Three Equal Eigenvalues

	Diagonalizability of  for Types VIII–IX
	Reduced Dynamics
	Massless Field in the FLRW Universe
	Classical Treatment
	Canonical Quantization and Semiclassical Analysis
	Subalgebra (1 , 2)
	Subalgebra 3


	Resume
	References

