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Abstract In this paper we present the noncommutative Bianchi Class A cosmological mod-
els coupled to barotropic perfect fluid. The commutative and noncommutative quantum so-
lution to the Wheeler—DeWitt equation for any factor ordering, to the anisotropic Bianchi
type II cosmological model are found, using a stiff fluid (y = 1). In our toy model, we in-
troduce noncommutative scale factors, is say, we consider that all minisuperspace variables
g' does not commute, so the simplectic structure was modified.

1 Introduction

In the last few years there has been several attempts to study the possible effects of non-
commutativity in the cosmological scenario. In particular, Compean et al. [1-3] avoid the
difficult technicalities of analyzing noncommutative cosmological models, when these are
derived from the full noncommutative theory of gravity, see by example [4—11], their pro-
posal is to introduce the effects of noncommutativity in quantum cosmology including one
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0 parameter, deforming the minisuperspace. This deformation is achieved through a Moyal
deformation of the Wheeler-DeWitt (WDW) equation, this is similar to noncommutative
quantum mechanics [11, 12]. Some work has been done in this direction, for example in [13]
the authors study the implications of noncommutative geometry in minisuperspace variables
for a FRW universe with a conformally coupled scalar field, using the Bohmian formalism
of quantum trajectories [14] also in [15] a noncommutative deformation of a scalar field
coupled to scalar-tensor type gravity was considered.

The aim of this paper is to build a noncommutative scenario for the Bianchi Class A
cosmological models coupled with matter, we introduce noncommutative scale factors in
Bianchi cosmologies and compare their solutions to that of the commutative case at quan-
tum level. Thus, the noncommutativity is considered between all variables of the minisu-
perspace (not in its momenta) with three 6; parameters, [¢°, ¢/] =i6/, usually this is made
by the Moyal star product x, however, we use one transformation between the noncommu-
tative and the commutative variables, resulting in a shifting, and it is well known that this
correspondence, implies changes in the potential term of the WDW equation with a shifting
in the variables [1, 15]. These transformation are not the most general possible to define
a noncommutative fields, see for example Carmona et al. [16], where the authors give the
generalization the noncommutative harmonic oscillator constructions and shown the most
linear transformation between the coordinates and momenta. In Vakiri et al. [17] one proce-
dure similar is applied to Bianchi I without matter.

On the other hand, the inclusion of matter to homogeneous cosmologies has been treated
with scalar fields in order to study different scenarios, inflation, dark matter, dark energy.
However, since 1972 year, the problem of the appropriate sources of matter pointed in [18,
19], and their corresponding Lagrangian for each of them has not been solved. One of the
sources that is usually considered, is the perfect fluid, in this paper we consider this source
as a first approximation in the noncommutative quantization program, in particular for the
Bianchi type II cosmological model is considered, as a toy model, with the idea to apply this
procedure in a future to all Bianchi Class A models.

The paper is then organized as follows. In Sect. 2, we obtain the WDW equation in-
cluding the barotropic matter contribution. In Sect. 3 we present the commutative quantum
solutions for the cosmological Bianchi type II, and stiff fluid as the matter source, Sect. 4 is
devoted to the noncommutative quantum model and the noncommutative quantum solutions
are presented. Final remarks are presented in Sect. 5.

2 The Wheeler-DeWitt Equation

Let us start by recalling the canonical formulation of the ADM formalism for the diagonal
Bianchi Class A models. The metrics have the form

ds® = —(N* — N/N;)dt* + i ® i | (1)

where N and N; are the lapse and shift functions, respectively, £2(¢) is a scalar and §;;(t) a
3 x 3 diagonal matrix, 8;; = diag(B, + V3B_, B —/3B_,—2B4), o are one-forms that
characterize each cosmological Bianchi type model, and that obey do'’ = 5 Ci 0/ Aok, Ciy
the structure constants of the corresponding invariance group [19].
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For the Bianchi type II, has the form

ds? = —N2d1® + 22 e~ 4+ dx? 4 29 2P+ +2V36- dy?
+629 [x262ﬁ++2ﬁﬁ, +ezﬁ+—2ﬂﬁ,]dzz

- xemezm”ﬁﬁ*dydz - xemew*”ﬁﬁ*dzdy. 2)
The Lagrangian is given by

e s
N 2 29— AP + iNe*m“ﬂ**“ﬁﬂ* + §JTGN,0] (3)
12 3 '

L =6 —
N2 N N N N

where we used a perfect fluid as the matter content in a comoving frame, see [18, 20]. When
we rewrite this equation in a canonical way and using the solution to 7#"., =0, we atrive
to the Hamiltonian function

e—3Q

24

H= [— P2 + P2 + P2 4 1264 +5++Y360) | 3847 G M, e 3012 =,

and we assumed a barotropic state equation p = yp, where the parameter, —1 <y < 1.
By replacing Py by —id,x in (2), with g* = (£2, B4, B—), we get the WDW equation.
Following Hartle-Hawking [21] we introduce a semi-general factor ordering, this gives

9* d? 9’ 0 AQ+B+V3B-) =3(y-Dg2
W_a?_a’ﬁﬂlﬁﬂze +HVIP) 4 3847 G M, e =0, 4
+ -

that is equivalent to
o
W —qg—-U(2,y)=0, 5
150 £2,v) (&)

where [J is the d’ Alambertian in three dimensions with signature (—, +, +), and the poten-
tial function U (82, y) = 12¢*@+A++V36) 1 3847 G M, e 30~ 12,

3 Commutative Cosmological Quantum Solutions, for y =1

Now we consider a stiff fluid y = 1 as the matter content for our model, for the anisotropic
commutative model. We simplify (5), introducing the particular transformation between the
coordinates

V3
E=0Q+ 8, +V36., k=Q+p, A=2-28, +38_,
having
v 332w+(]24§+384 GM)tP—i-zale—i— v 32w+ v _, ©
— —3— e T - — —6— — =0.
T ~ g2 OE T3 T T P T 9%,

Using the separation variables method with ¥ (€, x, A) = X (§)Y (x)Z(X) and substituting in
(6), we obtain the set of differential equations

3 d2X q dX 4 2
_Yd—.§2+§E+(126 + Co) =—12u7, (N
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2 d’Y gqdy 2
— 4+ =_1p} 8
Wa? vde 3 ®
6d*Z qdY
e R Ry 2 9
Zaw " zan ®
with Cy = 384w G M,, and for simplicity we choose the constants ., by, ¢; in such away that
satisfying the relation between them as %bf — 6cf =—12u’.
Introducing the change of variables z = ¢* in (7), we get an ordinary Bessel differential
equation for z
d*X g\ dX z
2
— —(1l+=)z——|-+b )] X =0, 10
¢ <+12>Zdz (4+ 0) (10)

where by = 41—8(C0 + 12u?), so the physical solution is

X (&), = K (e¥), an

with v =1,/4u2 + 1287 G M, + ¢>.
The solutions for the other two equations are

V() = e~ F4[A,eP% 4+ Aye 1], (12)
Z (L) = e [ B + Bye P24, (13)

— [p2_ 9% _ |2_ 4
where p; = /by — 5= and pr = /¢ — {5-

Finally, we find the wave function
Ve, = e4E+q(E7%K+117X) K,,(ezs)[Aleip“( + Azefipl'(][Bleipzk + Bzeﬂ'pﬂ]. (14)

For the factor ordering ¢ = 0, the solution is simplified.

4 Noncommutative Cosmological Quantum Solutions

Finally we can proceed to the noncommutative model, actually we will consider, that the
minisuperspace variables ¢’ do not commute, so the simplectic structure is modified as
follows

l¢'.q'1=i0Y,  [P.P]=0, [¢'.P1=i8,, ¢'=(R2.B+.8-). (15
in particular, we choose the following representation
[$2, B+] =101, [$2, B-1=1i0;, [B-.B+1=1i06; (16)

where the 6; parameters are a measure of the noncommutativity between the minisuperspace
variables. The commutation relation (15) or (16) are not the most general ones to define a
noncommutative field.

It is well known, that this non-commutativity can be formulated in term of noncommu-
tative minisuperspace functions with the Moyal star product » of functions

‘%<?nﬁﬂ+*%ﬂ+?m

(82,8 %g(2, 1) = f(82, )¢ 882, B1),
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J(§2,B-)xg(82,B-) = f(£2, ﬁf)ei%(?‘??ﬂ*_%”* ?Q)g(-@, B-). a7
J (B, B *g(B-. B1) = f(B- ﬁ)ez(% To- 50 T

8B, B+).

On the other hand, it is well known that this correspondence, implies changes in the
potential term of the WDW equation with a shift in the variables [1, 15], and one possibility
for recover (16), and maintaining the old relations to the noncommutative fields, it become

01 02 02 93
Q"C_>Q+EP++EP—7 ﬁ—m'_>/3—_5P9+3P+7
o 6 (18)
1 3
nc — =P ——P_,
Bine = B+ ylre =5

but, these shifting modified the potential term as
if3

U(S2. By, 01) = 12619 P+ 3Glp ~ i)+ 2 =i - T Wiz =501 L ) (19)

Now we can construct the noncommutative WDW equation (NCWDW)

9
ey ey ]

92 92 82
[692 o8 o0pt |

126 BB+ B s — i+ ’HZM——ML_)—%IM——)J]W —0. (0

Using the generalized Baker—Campbell-Hausdorff formula [22, 23]
3’7('&“}) — e*nz[f{.é] eﬂ/‘i e')é (21)

and the relation between the variables (16), we obtain in the new variables (&, «, A)

2
1 aaé_/ 3 8852 + (1264§62191 kra 66191 5A64{162 o 62{193 kre 6,6[1(')3 7 4 Co)lp
2 9%y Rl RRLY% v
6 =0. (22)

3o P99 " T

3 tipyye ,({Eipa)h
,

Now we can look for solutions, usmg the particular ansatz ¥ = X (£)e~ etz

on (22), and taking in account that €i07% 7% = 0 g yields the equation for the function

X&)
d’X  dX
3 +qE+(126ﬂ9)4E+C0+12M )X =0, (23)

where the function f(6;) have the following structure

44/3 2
f6) =6i[—ig F 2p1 +6p2)] +92<—i\/§q F ‘Tfpl) F tw?(gpl + 6p2), (24)

and the constant by, c; and p maintain the same relation as in the commutative case. We
can see that (7) and (23) have the same structure, then the corresponding solutions to (23)
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become the modified Bessel function
Xne, (2) = e K (¢! W e®), (25)
Finally, we arrive to the noncommutative wave function
Une, = e45+q(€%x+5x) K, (ef ® o2 etinic pivai (26)

We can remark that the noncommutative correction the Bessel function gives the commuta-
tive solutions when the parameters 8; — 0 or for particular choose between the parameters
in such a way that f(6;) =0.

5 Conclusions

In this work we introduce noncommutative scale factors, is say, consider that all minisu-
perspace variables ¢’ does not commute, so the simplectic structure was modified. We have
extended the non commutativity between the minisuperspace variables (fields) to three pa-
rameters as

[$2, B+] =16, [$2,B-1=1i6, [B-. Br]1=1i65. 27)

Also we present one particular transformation, (19), where these relations are hold, but does
not unique, and are not the most general ones to define a noncommutative fields. Also we
have found the commutative and noncommutative quantum solutions for the Bianchi type II
cosmological model, considering a scenario dominated by stiff fluid. The noncommutative
quantum solution have different structure with respect to the commutative solutions, mod-
ified by the function f(6;), (24). The commutative solutions is recover if the parameters
6; — 0 or for particular choose between the parameters in such a way that f(6;) = 0. This
procedure will be applied to other Bianchi Class A models, and the results will be reported
elsewhere.
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