
Applied Physics Research; Vol. 6, No. 3; 2014 
ISSN 1916-9639   E-ISSN 1916-9647 

Published by Canadian Center of Science and Education 

81 
 

On Quantum Cosmology of the R2 Gravity Theory 

Mohamed A. Ahmed1 
1 Physics Department, College of Science, Kuwait University, Safat, Kuwait 

Correspondence: Mohamed A. Ahmed, Physics Department, College of Science, Kuwait University, P.O. Box 
5969, Safat 13060, Kuwait. E-mail: mkarim.ahmed@ku.edu.kw, mkarim.ahmed@gmail.com 

 

Received: March 14, 2014   Accepted: March 31, 2014   Online Published: April 23, 2014 

doi:10.5539/apr.v6n3p81          URL: http://dx.doi.org/10.5539/apr.v6n3p81 

 

Abstract 
We study the minisuperspace quantization of the theory of gravity where an R2 term is included in the Einstein 
Hilbert action. Matter is described by a perfect fluid and we employ the generally relativistic hydrodynamic 
formulation of Schutz. We set up the Wheeler-DeWitt equation and obtain its solutions. A finite norm wave 
packet solution is constructed and used to calculate asymptotic values for the expectation values of the scale 
factor and the Ricci scalar 
Keywords: higher order gravity, Wheeler-DeWitt equation, minisuperspace 

1. Introduction 
The difficulties encountered when attempting to construct a full quantum theory of gravity have led to the 
development of minisuperspace models of quantum cosmology. In this framework all but a few of the degrees of 
freedom which describe the gravitational field and its sources are “frozen out” (DeWitt, 1967). Numerous 
investigations of Friedmann-Robertson-Walker (FRW) universes were carried out within this framework 
(Halliwell, 1991). Of particular interest are the investigations in which matter is described as a perfect fluid and 
quantization is performed using both the ADM method (Arnowitt, Deser, & Misner, 1962) and the method of 
superspace quantization (Wheeler, 1968). Detailed analyses were undertaken by Lapchinsky and Rubakov 
(1977) and others (Lemos, 1996; Alvarenga & Lemos, 1998; Alvarenga, Fabris, Lemos, & Monaret, 2002) in this 
regard. These analyses were conducted using the canonical formulation of the generally relativistic 
hydrodynamics of a perfect fluid due to Schutz (1970, 1971). This formulation is characterized by ascribing 
dynamical degrees of freedom to the fluid. The works cited above employ the standard Einstein-Hilbert action to 
describe gravity. 

The works cited above employ the standard Einstein-Hilbert action to describe gravity.  

In the present work we use the aforementioned method to study an f(R) gravity model, ܴ being the scalar 
curvature. The suggestion that the gravitational lagrangian can be taken as a function of R was first made by 
Buchdahl (1970). Here we consider the case where the Einstein-Hilbert action is modified by the addition of an 
R2 term (Starobinsky, 1980; Barth & Christensen, 1983; Hawking & Luttrell, 1984; Horowitz, 1985). Hawking 
and Luttrell (1984) discussed the minisuperspace quantization of this higher derivative theory while Vilenkin 
(1985) studied the quantization of the Starobinsky model. The author has recently studied the quantization of the ܴଶ	theory and obtained solutions of the Wheeler-DeWitt equation in two-dimensional spacetime (Ahmed, 2012). 
Here we quantize the R2 theory, set up the Wheeler-Dewitt equation and obtain its solution in four-dimensional 
spacetime. The material is organized as follows. In section 2 we discuss the minisuperspace canonical 
quantization of the model by two different methods and obtain the super-Hamiltonian in each case. In section 3 
we write down the Wheeler-DeWitt equation, define the inner product and establish the boundary conditions on 
the wave function. Exact solutions are obtained and wave packets are constructed. Section 4 is devoted to 
computing some expectation values and in section 5 we present some concluding remarks. 
2. Quantization of ࢌሺࡾሻ	Gravity 
We start by writing down the FRW metric as  																															݀ݏଶ ൌ 	െܰଶሺݐሻ݀ݐଶ ൅ ݄௜௝ሺݐሻ݀ݔ௜݀ݔ௝	,																								               (1) 
where ݅, ݆ ൌ 1,2,3, ܰ is the lapse function and ݄௜௝ሺݐሻ is given by 																																											݄௜௝ሺݐሻ ൌ 	ܽଶሺݐሻߪ௜௝																																													                (2) 
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In Equation (2) 	ܽሺݐሻ is the scale factor and ߪ௜௝ represent the metric for the three dimensional space of constant 
curvature ݇ ൌ 1, 0, െ1 corresponding to spherical, flat, or hyperbolic space-like sections, respectively. The 
action for	݂ሺܴሻ gravity in the absence of matter reads (Weinberg, 1972) 																													ீܫ ൌ െ ଵଵ଺గீ                 (3)																																			.	݂ሺܴሻ	ඥെ݃	ݔସ݀׬
We shall specifically take f(R) to be of the form (Barth & Christensen, 1983; Hawking & Luttrell, 1984; 
Horowitz, 1985) 																																									݂ሺܴሻ ൌ 	ܴ ൅                (4)																																														,	ଶܴߚ
and describe matter by a perfect fluid with the action 																																				ܫ௠ ൌ  (5)              																																														,	݌		ඥെ݃	ݔସ݀׬
where p is the pressure. We also employ Schutz’s description of the dynamics of a relativistic fluid in interaction 
with the gravitational field in terms of velocity potentials (Schutz, 1970, 1971). The degrees of freedom ascribed 
to the fluid are five scalar potentials ߶, ,ߙ ,ߚ ,ߠ ܵ in terms of which the four-velocity of the fluid is given by  																													ܷఔ ൌ ଵ௛	൫	ϕ,ఔ		 ൅ ఔ,ߚߙ	 ൅ ߠ ,ܵఔ				൯																																	               (6) 

where ݄ is the specific enthalpy and ܵ is the specific entropy. The potentials ߙ and ߚ, which describe vortex 
motion are zero in the FRW model because of its symmetry. The potentials ߠ	and ߶ do not have direct physical 
meaning. Two common choices for the lapse function N are ܰ ൌ 1	and ܰ ൌ ܽ	(Lapchinsky & Rubakov, 1977). 
Choosing ܰ ൌ 1 and inserting the metric into Equations (3) and (5), the actions become 																																													ீܫ ൌ െݐ݀׬ ܽଷሺܴ ൅ ௠ܫ																																												                   (7)																										,	ଶሻܴߚ ൌ  (8)          																																																					݌	ଷܽ	ݐ݀׬
where an overall factor of the spatial integral of ሺdet  ሻଵ/ଶ has been discarded as all functions are taken toߪ
depend on t only. We are using units such that ܿ ൌ ܩߨ16 ൌ 1.   
The total action is given by  																																																	ܫ ൌ ீܫ ൅	ܫ௠		.																																														              (9) 
We first consider Equation (7) for ீܫ  and note that the scalar curvature for the FRW metric is  																																ܴ ൌ 	െ6ܽିଶሺݐሻሺܽ	 ሷܽ ൅ 	 ሶܽ ଶ ൅ ݇ሻ	.																																           (10) 
Now in the general case of Equation (3) and with Equation (10) for R, one cannot remove the second derivative 
of the scale factor a using integration by parts. In such a case, the procedure followed in canonical quantization, 
is to introduce beside a, a second variable which can be chosen to be the scalar curvature R (Vilenkin, 1985), and 
to express the action ீܫ  in the form  																							ீܫ ൌ 	െݐ݀׬	ࣦሺܽ, ܽ,ሶ 	ܴ, ሶܴ ሻ	.																																																	      (11) 
In our case of Equation (7) we substitute Equation (10) for the term linear in R and for one factor R in the ܴଶ 
term thus obtaining  ீܫ ൌ 	6 	ܽ	ሾ	ܽ	ݐ݀׬ ሷܽ ൅ ሶܽ ଶ ൅ 	݇ ൅ 	ሺܽ	ܴߚ ሷܽ ൅ 	 ሶܽ ଶ ൅ ݇ሻሿ.																												    (12) 
Integrating by parts, we eliminate the ሷܽ  term and obtain  ீܫ ൌ 6 ݐ݀׬ ൣെሺ1 ൅ ܽ	ሻܴߚ ሶܽ ଶ െ ߚ ሶܴ 	ܽ	ሶ ܽଶ ൅ ሺ1 ൅            (13)											,	ሻ݇ܽ൧ܴߚ
and the Lagrangian thus reads ࣦீ ൌ 6ൣെሺ1 ൅ 	ሻܴܽߚ ሶܽ ଶ െ ߚ ሶܴ ሶܽ ܽଶ ൅ ሺ1 ൅     (14)																																,	൧	ሻܴ݇ܽߚ
which is indeed of the form indicated in Equation (11). As we shall see the quantization based on Equation (14) 
leads to non-trivial results for the expectation values of the Ricci scalar and the scale factor. The canonical 
momenta are  ௔ܲ ൌ 	െ12ሺ1 ൅ ሻܴߚ ሶܽܽ െ ଶܽߚ6 ሶܴ , 																																																																	 ோܲ ൌ െ6ߚ ሶܽܽଶ	.																																																			          (15) 
Next expressing ሶܽ  and ሶܴ  in terms of ௔ܲ and ோܲ we obtain the following expression for the Hamiltonian  																							ீܪ ൌ ଵ଺ఉమ௔య 	ሺ1 ൅ ሻܴߚ ோܲଶ െ ଵ଺ఉ௔మ ோܲ ௔ܲ െ 6ሺ1 ൅             (16)													.	ሻܴ݇ܽߚ

One can alternatively approach canonical quantization using a method due to Vilenkin (1985) where one regards 
Equation (10) as a constraint and write the gravitational action as  
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ீ′ܫ															 ൌ 	െݐ݀׬	ሼሺܴ ൅ ଶሻܽଷܴߚ െ ሾܴߣ ൅ 6ܽିଶሺܽ ሷܽ ൅ ሶܽ ଶ ൅ ݇ሻሿሽ	,															        (17) 
where ߣ is a Lagrange multiplier. By varying ீܫᇱ  with respect to R we determine ߣ 																																																									ߣ ൌ ܽଷሺ1 ൅             (18)																																																			.		ሻܴߚ2
Substituting Equation (18) back into Equation (17) and integrating by parts to eliminate ሷܽ , we obtain 									ீܫᇱ ൌ ׬ ଶܽଷܴߚൣݐ݀ െ 6ሺ1 ൅ ሻܴߚ2 ሶܽ ଶܽ െ ߚ12 ሶܽ ሶܴ ܽଶ ൅ 6ሺ1 ൅        (19)										,	ሻ݇ܽ൧ܴߚ2
and hence the Lagrangian reads 																			ࣦᇱீ ൌ ଶܽଷܴߚ െ 6ሺ1 ൅ ሻܴߚ2 ሶܽܽ െ ߚ12 ሶܽ ሶܴ ܽଶ ൅ 6ሺ1 ൅        (20)														.	ሻܴ݇ܽߚ2
The canonical momenta are given by 																																	 ௔ܲᇱ ൌ 	െ12ሺ1 ൅ ሻܴߚ2 ሶܽܽ െ ߚ12 ሶܴ ܽଶ	,																																													    (21) 															 ோܲᇱ ൌ െ12ߚ ሶܽܽଶ																																																												       (22) 
and the corresponding Hamiltonian reads ܪᇱீ ൌ ଵଶସ ሺ1 ൅ ଶܽିଷିߚሻܴߚ2 ோܲᇱ ଶ െ ଵଵଶ ଵܽିଶିߚ ோܲᇱ ௔ܲᇱ െ ଶܽଷܴߚ െ 6ሺ1 ൅        (23)			.	ሻܴ݇ܽߚ2

We first continue with the quantization of the theory based on the gravitational Hamiltonian given by Equation 
(16). Using the equation of state of a perfect fluid ݌ ൌ  being the energy density, and following the ߩ with ,ߩ߱
procedure described by Lapchinsky and Rubakov (1977), we obtain the following expression for the action of 
the combined system of gravitational field plus matter ܫ ൌ ׬ ൫	ݐ݀ ሶܽ ௔ܲ ൅ ሶܴ ோܲ ൅ ϕሶ థܲ ൅	ܵ	ሶ ௦ܲ െ ℋ൯	,																																        (24) 
where the super Hamiltonian ℋ is given by  																																																									ℋ ൌ ℋୋ ൅	Pமனାଵaିଷனeୗ,																																														         (25) 

and  																																											Pம ൌ aଷሺ1 ൅ ωሻିଵ/னሺϕሶ ൅ θSሶ ሻଵ/னeିୗ/ன	.																																																			ሺ26) 

Specializing now to the case of radiation filled universe with ൌ ଵଷ , we make following canonical transformation 

to new variables (Lapchinsky & Rubakov, 1977) T ൌ 	െeିୗPୗPமି రయ,													P୘ ൌ 	Pமరయeୗ	,	 
                                          (27) Φ ൌ ߶ ൅ ସଷ ௌܲ థܲି ଵ,     ஍ܲ ൌ థܲ	. 

One then easily shows that 																																																 థܲ߶ሶ ൅ 	 ௌܲ ሶܵ ൌ 	 ሶܶ ்ܲ െ ଵଷ ௦ܲሶ ൅ ஍ܲΦ	,ሶ 																																			           (28) 

and the action becomes  																																													ܫ ൌ ׬ ൫	ݐ݀ ሶܽ ௔ܲ ൅ ሶܴ ோܲ ൅ Φሶ 	 ஍ܲ ൅ ሶܶ ்ܲ െ ℋ൯																									            (29) 

where we have dropped the ௌܲ	ሶ  term since it a total derivative. The super-Hamiltonian ℋ is given by  																		ℋ ൌ 	 ଵ଺ఉమ௔య ሺ1 ൅ ሻܴߚ ோܲଶ െ ଵ଺ఉ	௔మ ோܲ ௔ܲ െ 6ሺ1 ൅ ሻܴ݇ܽߚ ൅ ௉೅௔ 	.																          (30) 

The variable ܶ is a global time since it does not involve the canonical momenta (Alvarenga & Lemos, 1998; 
Hajicek, 1986; Beluardi & Ferraro, 1995). A similar analysis can be carried out for the model based on ܪᇱீ  
leading to the following super-Hamiltonian ℋᇱ ൌ ଵଶସఉమ௔య ሺ1 ൅ ሻܲᇱோଶܴߚ2 െ ଵଵଶఉ௔మ ܲᇱோଶ 	 ௔ܲᇱ െ ଶܽଷܴߚ െ 6ሺ1 ൅ ሻܴ݇ܽߚ2 ൅ ௉೅௔ 		.		        (31) 

3. Quantization and the Wheeler-DeWitt Equation 
We first deal with the model based on the super-Hamiltonian given in Equation (30). The Wheeler-DeWitt 
quantization scheme requires the standard representation of canonical momenta into operators 																																										 ௔ܲ → 	െ݅ డడ௔	,     ோܲ → െ݅ డడோ	,      ்ܲ → െ݅ డడ்	,                    (32) 

in order to form the operator Ĥ. The Wheeler-Dewitt equation reads 																																																																						ĤΨ ൌ 0,																																																																				        (33) 
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where Ψ is the wave function of the Universe. In our case this equation reads 																					݅ డஏడ் ൌ െ ሺଵାఉோሻ଺ఉమ௔మ డమஏడோమ ൅ ଵ଺ఉ௔ డమஏడோడ௔ െ 6ሺ1 ൅          (34)																												ሻ݇ܽଶΨܴߚ

Equation (34) has the form of a Schroedinger equation with ܶ playing the role of the time. In writing Equation 
(34) we have ordered the factors so that the variables ܽ and ܴ appear on the left of the derivative operators. 
We shall seek solutions of Equation (34) of the form 																																								Ψሺܽ, ܴ, ܶሻ ൌ 	݁ି௜ா்߰ሺܽ, ܴሻ	,																																																																(35) 

where ܧ is a constant. The wave function ߰ satisfies the equation 																														ሺଵାఉோሻ଺ఉమ௔మ డమநడோమ െ ଵ଺ఉ௔ డమநడோడ௔ ൅ ሾ6ሺ1 ൅ ሻ݇ܽଶܴߚ ൅ Eሿψ ൌ 0	.																							         (36) 

Equation (36) is a second order hyperbolic linear partial differential equation. Now in order to interpret ܶ as a 
true time and Equation (34) as a genuine Schroedinger equation, the operator 																																					Ĥ ൌ െ ሺଵାఉோሻ଺ఉమ௔మ డమడோమ ൅ ଵ଺ఉ௔ డమడோడ௔ െ 6ሺ1 ൅            (37)																								ሻ݇ܽଶ,ܴߚ

must be self-adjoint. The scale factor ܽ  is restricted to the domain ܽ ൐ 0,  so that the minisuperspace 
quantization deals with the wave functions defined for a restricted to the half-line ሺ0,∞ሻ.	 As is well known 
certain conditions have to be imposed on the wave functions in order to ensure the self-adjointness property. To 
do this we first define the inner product by 																																																									ሺ߰, ߶ሻ ൌ ׬ ܴ݀	 ׬ ݀ܽ	ܽ	߰∗ሺܽ, ܴሻ߶ሺܽ, ܴሻ	.																																			ஶ଴ஶିஶ       (38) 

The factor ܽ in Equation (38) will remove the ܽିଵ	factor in front of the differential operator ߲ଶ/߲ܴ߲ܽ thereby 
rendering establishing its self-adjointness dependent only on the boundary conditions on the wave function. It is 
the simplest way to achieve self-adjointness for the second term on the right hand side of Equation (37) and also 
obviates the need for further factor ordering beyond that indicated in Equation (34) for that term. Thus the 
conditions of square integrability, which are necessary to ensure the existence of the inner product, as well as 
either of the two conditions 																																																											߰ሺ0, ܴሻ ൌ 	0	,																																																																        (39) 

or  																																																									డట	డோ ሺ0, ܴሻ0																																																														          (40) 

are required.  

Next we make the following replacement in the first term of Equation (37) for Ĥ 																																							ܴ డమడோమ → ෠ܱ ൌ ଵଶ ቀܴ డమడோమ ൅ డమడோమ ܴቁ.																																												        (41) 

This replacement is dictated by the need to make Ĥ self-adjoint. It is of course not the most general choice but 
we choose it for its simplicity. We readily conclude that the requirement of square integrability for the wave 
function and its first and second derivatives are enough to ensure self-adjointness for the operator ෠ܱ . Needless to 
say the factor a introduced in the definition of the inner product above does not affect the operation in Equation 
(41) which is needed to ensure self-adjointness properties of the first term on the right hand side of Equation 
(37). Making the replacement of Equation (41) in Ĥ, Equation (36) gets replaced by  										ሺଵାఉோሻ଺ఉమ డమஏడோమ െ ௔଺ఉ డమஏడோడ௔ ൅ ଵ଺ఉ డటడோ ൅ ܽଶሾ6ሺ1 ൅ ሻ݇ܽଶܴߚ ൅ EሿΨ ൌ 0	.											           (42) 

Equation (42) is again hyperbolic and we proceed to reduce it to a canonical form. We introduce new coordinates 																								ߦ ൌ ,ሺܴߦ ܽሻ	,											ߟ ൌ ,ሺܴߟ ܽሻ	,																																																																(43) 

and readily show that the canonical form is  																																																		ଵ଺ డమటడకడఎ െ ఎ߰݁ߦ6݇ ൌ  (44)           																																											,	߰ܧ

with  																																						ߦሺܴ, ܽሻ ൌ ,ሺܴߟ				,ܽ ܽሻ ൌ lnሺܽ|1 ൅             (45)																											.	ሻ|ܴߚ

We look for a factorizable solution of Equation (44) 																																																							߰ሺߦ, ሻߟ ൌ ܺሺߦሻܻሺߟሻ	,																																												             (46) 
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and obtain  																																																ଵ଺ ݁ିఎ ௑ᇲሺకሻ௒ᇲሺఎሻ௑ሺకሻ௒ሺఎሻ െ ఎ݁ߦ6݇ ൌ  (47)              																																	,	ܧ

where the prime indicates differentiation with respect to the argument. Clearly we can separate the ߦ and ߟ 
dependencies only for ݇ ൌ 0. For ݇ ൌ േ1	we cannot disentangle the ߦ and ߟ dependencies and the method 
of obtaining factorizable solutions in the manner of Equation (46) does not work. For the case ݇ ൌ 0, we obtain 
the equation 																																																				ଵ଺ ݁ିఎ ௒ᇲሺఎሻ௒ሺఎሻ ൌ ா௑ᇲሺకሻ/௑ሺకሻ ൌ ܿ	,																													                (48) 

where ܿ is a constant. This leads to the solutions 																																							ܺሺߦሻ ൌ ଵܺ exp ቀா௖ ሻߟܻሺ																																												         (49)																																																				,	ቁߦ	 ൌ ଵܻ expሺ6ܿ݁ఎሻ	.																																																	         (50) 

where ଵܺ, ଵܻ are constants. In terms of the original variables ܽ, ܴ the solution reads 																														߰ሺܽ, ܴሻ ൌ 	ܼ exp ቂா௖ ܽ ൅ 6ܿܽሺ1 ൅            (51)																														,	ሻቃܴߚ

where ܼ	is a constant. If ܧ ൐ 0 we must have ܿ ൏ 0 in order for the wave function to vanish as ܽ → ∞. 
Taking ߚ ൐ 0,	good asymptotic behaviour also obtains for ܴ → ∞. However the wave function blows up for ܴ → െ∞. On the other hand if ܧ ൏ 0, then good asymptotic behaviour in ܽ requires ܿ ൐ 0. In this case the 
wave function vanishes for ܴ → െ∞ but blows up for ܴ → ∞. We note that the wave function satisfies the 
boundary condition of Equation (40) dictated by the requirement of self-adjointness. 

The stationary solutions of Equation (51) thus have infinite norm and to obtain finite norm solutions we have to 
construct wave packets by superposing these stationary solutions.  

To do this we first note from Equation (48) that we can write 																																																				௑ᇲሺకሻ௑ሺకሻ ൌ 	െߤ	,																																																															(52)       

where ߤ is a constant and we have 
ா௖ ൌ 	െߤ. Taking ܧ ൐ 0 for definiteness, it follows that ߤ ൐ 0 since ܿ ൏ 0. Upon including the ܶ െdependence we can write our solution in terms of ܧ and ߤ as 																															Ψሺa, R, Tሻ ൌ 	Z exp ቂ	െμa െ ଺୉ஜ aሺ1 ൅ βRሻ െ iETቃ	,																            (53) 

and construct the wave packet as,  																				Ψ௪ ൌ ܼ ׬ ሻܧሺ݃	ܧ݀ exp ቂെܽߤ െ	଺ாఓ ܽሺ1 ൅ ሻܴߚ െ ஶ଴																,	ቃܶܧ݅           (54) 

where ݃ሺܧሻ is suitably chosen. As an illustration we choose 																																													݃ሺܧሻ ൌ ;	௣ாమି݁	ܧ√	 ݌	ܴ݁							 ൐ 0	.																																	           (55) 

Equation (55) for ݃ሺܧሻ represents a Gaussian function modulated by the factor √ܧ. This choice is found to 
give rise to a wave function that has the requisite asymptotic behaviour which would ensure the finiteness of the 
inner product and hence normalizability.  

Defining  																																																			ݍ ൌ 	 ଺௔ఓ ሺ1 ൅ ሻܴߚ ൅ ݅	ܶ	,																																													          (56) 

we express Ψ௪ as 																																					Ψ௪ ൌ ܼ ׬ ஶ଴	ܧ√	ܧ݀ expሺെܽߤ െ ଶܧ݌ െ             (57)																						.	ሻܧݍ

The integration is carried out (Prudinov, Brychkov, & Marichev, 1986) yielding 																								Ψ௪ ൌ ௓଼ ݁ିఓ௔ ቀ௤௣ቁଷ/ଶ exp ቀ௤మ଼௣ቁ ቂܭଷ/ସ ቀ௤మ଼௣ቁ െ ଵ/ସܭ ቀ௤మ଼௣ቁቃ	,								            (58) 

where ܭఔሺݖሻ is the modified Bessel function. Using the asymptotic expansion of ܭఔሺݖሻ (Bender & Orszag, 
ቀ	ሻ~ݖఔሺܭ (1999 గଶ௭ቁభమ 	݁ି௭ ቀ1 ൅	ସఔమିଵ଼ ൅	…… . . ቁ ݖ			, → |ݖ݃ݎܽ|							;∞ ൏ ଷଶ  (59)         							,	ߨ

we obtain the following asymptotic expression for Ψ௪ 
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Ψ௪	~ ଵଶ√ߨ	ܼ	݁ିఓ௔	ሾ36	ିߤଶܽଶሺ1 ൅ ሻଶܴߚ െ ܶଶ ൅ ሺ1	ଵܽିߤ	݅	12 ൅          (60)				,	ሻܶሿିଷ/ସܴߚ

as ݍଶ → ∞ with 																																| tanିଵ ቀ ଵଶఓ௔ሺଵାఉோሻ்ଷ଺௔మሺଵାఉோሻమିఓమ்మቁ | ൏ ଷଶ  (61)              																													,	ߨ

and we have taken ݌	to be real for simplicity. The asymptotic behaviour of Ψ௪ expressed by Equation (60) 
ensures the finiteness of the inner product and hence the normalizability of the wave function given in Equation 
(58). In fact since the limit ݍଶ → ∞ can be achieved by any of the variables going to infinity we have 																							Ψ௪~	ܽିଷ/ଶ	݁ିఓ௔		,								ܽ → ∞	,									ܴ, |ܴ|							,		݁ିఓ௔	ܴିଷ/ଶ	Ψ௪~																							 (62)        																														,	݀݁ݔ݂݅			ܶ → ∞	,								ܽ,  (63)          																										.	݀݁ݔ݂݅			ܶ

Next we turn to the Hamiltonian ℋᇱ, given by Equation (31). Following a similar procedure and writing the 
wave function Φ in the form of Equation (35) as Φ ൌ expሺെ݅ݐܧሻ߶	leads to  ሺଵାଶఉோሻଶସఉమ డమథడோమ െ ௔ଵଶఉ డమథడோడ௔ ൅ ଵଵଶఉ డథడோ ൅	ܽଶሾܴߚଶܽସ ൅ 6ሺ1 ൅ ሻ݇ܽଶܴߚ2 ൅ ߶ሿܧ ൌ 0	.				      (64) 

The canonical form for ݇ ൌ 0	reads 																																										ଵ଺ ݁ିఎᇱ డమథడకడఎᇱ െ ቂకమସఉ ൫݁ఎᇲ െ ൯ଶߦ ൅ ߶ቃܧ ൌ 0																		                 (65) 

where ߦ ൌ ܽ as before and ߟᇱ is given by 																																																					ߟᇱ ൌ lnሺܽ|1 ൅       (66)																																																											.	ሻ|ܴߚ2

Equation (65) does not possess factorizable solutions. We seek solutions for large ߦ at fixed ߟ′. Approximating 
the equation to read 																																									ଵ଺ ݁ିఎᇱ డమథడకడఎᇱ െ ቀకరସఉ ൅ ߶ቁ	ܧ ൎ 0																																												        (67) 

we obtain the solution  																																							߶ ൎ ܨ exp ቀ6	ܦ	݁ఎᇲ ൅ కఱଶ଴ఉ஽ ൅ ாక஽ ቁ	,																																							        (68) 

where ܦ and ܨ are constants. In terms of the variables ܽ and ܴ we have 																													߶ ൎ ܩ exp ቂ6ܽܦ	ሺ1 ൅ ሻܴߚ2 ൅ ௔ఱଶ଴ఉ஽ ൅ ா௔஽ ቃ	.																																							     (69) 

We can also obtain approximate solutions of Equation (65) for ܽ → 0. We get 																																						߶ ൎ ܩ exp ቂா௔ெ ൅ ሺ1	ܽܯ	6	 ൅       (70)																																													,	ሻቃܴߚ2

where ܩ and ܯ are constants. This solution differs from that of Equation (51) in that the coefficient of ܴ is 
doubled and in the fact that it holds for ܽ → 0 only in the model at hand. 

4. Computing Expectation Values 
The expectation value of an operator ܱ in the state Ψ௪ is given by 																																												൏ ܱ ൐	ൌ 	 ሺஏೢ,ை	ஏೢሻሺஏೢ,ஏೢሻ 																																																													      (71) 

where the inner product is defined by Equation (38). We are particularly interested in computing the expectation 
values for the scale factor and the Ricci scalar. However it is difficult to do this in general for Ψ௪ given in 
Equation (58). Instead we shall consider two limiting values of ܶ,  namely ܶ ൌ 0  and ܶ	 → ∞  where 
computations become manageable. We denote by ݍሺ0ሻ the value of the variable ݍ given by Equation (56) 
when ܶ ൌ 0 and perform a change of variables from ሺܽ, ܴሻ to ሺݑ, ᴠሻ given by 																																ݑ ൌ ܽ,						ᴠ ൌ ଶሺ0ሻݍ ൌ 	 ଷ଺௔మఓమ ሺ1 ൅          (72)																																				ሻଶ.ܴߚ

The Jacobian of the transformation is easily calculated to be 																																																							డሺ௔,ோሻడሺ௨,௩ሻ ൌ 				ఓᴠషభ/మଵଶఉ௨ 																																																	             (73) 

and the inner product then reads 																	ሺΨ௪,Ψ௪ሻ ൌ 	 ఓଵଶఉ ׬ ݀ᴠ	 ׬ ᴠିభమஶ଴ஶ଴	ݑ݀ ݂ሺݑ, ᴠሻ	,																																								     (74) 

where  
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݂ሺݑ, ᴠሻ ൌ |௓|మ଺ସ ቀ ᴠ௣మቁଷ/ଶ exp ቀെ2ݑߤ ൅ ᴠସ௣ቁ ቂܭଷ/ସ ቀ ᴠ଼௣ቁ െ ଵ/ସܭ ቀ ᴠ଼௣ቁቃଶ			.											        (75) 

The factorization of the integrand in Equation (74) into a function of ݑ multiplied by a function ᴠ makes the 
calculations of ൏ ܽ ൐ very simple as it obviates the need of computing the integration over the variable ᴠ.  
The integral over ᴠ	simply cancels between the numerator and denominator in Equation (71) and we find for ൏ ܽ ൐଴, the expectation value at ܶ ൌ 0, the result 																																																												൏ ܽ ൐଴ൌ ଵଶఓ	.																																																					             (76) 

We remark that this result is exact and we can interpret this equation to mean that the constant μ is determined 
by the expectation value of the scale factor at ܶ ൌ 0. Calculating ൏ ܴ ൐଴ in this fashion however is not 
feasible as we do not have the factorization property for the integrand alluded to above.  

Next we turn to the case of ܶ → ∞. For this purpose we use the asymptotic form of Ψ௪ given by Equation 
(60). In the expression for the inner product we encounter the following integral over ܴ 																																								ܫ ൌ 	 ׬ ܴ݀	ܺሺܽ, ܴ, ܶሻ		,																																																		ஶିஶ          (77) 

where ܺሺܽ, ܴ, ܶሻ ൌ ሼሾܽܦଶሺ1 ൅ ሻଶܴߚ െ ܶଶሿଶ ൅	ܩଶܶଶܽଶሺ1 ൅       (78)																ሻଶሽିଷ/ସܴߚ

and  																																									ܦ ൌ ଷ଺ఓమ ܩ									,	 ൌ ଵଶఓ	 		.																																																				         (79) 

We change variable to ܴᇱ ൌ 1 ൅ ݕ																																																			 and furthermore let			ܴߚ ൌ ଺௔ఓ் ܴᇱ	.																																																					             (80) 

The integral I then reduces to the following 																																														ܫ ൌ 	 ఓ଺௔்మ ׬ ஶ଴ݕ݀ ଵሺଵା௬మሻయ/మ	,																																													          (81) 

which is readily evaluated to give 																																										ܫ ൌ 	 ఓ଺௔்మ				.																																																																	       (82) 

Proceeding in this manner we finally arrive at the following results for the expectation values in the asymptotic 
limit ܶ → ∞ 																																																															൏ ܽ ൐ 	~	 ଵଶఓ																																											                  (83) 

and  																																																										൏ ܴ ൐ 	~ െ ଵఉ		.																																										                 (84) 

We remark that ൏ ܽ ൐ in general has non-trivial ܶ	dependence as the expression for it in terms of the modified 
Bessel functions shows. It is however interesting to find that asymptotically, as ܶ → ∞, ൏ ܽ ൐ assumes the 
same value it did at ܶ ൌ 0. It is also interesting that the quantity ߚ which appears in Equation (4) as an 
arbitrary parameter, acquires a physical meaning in terms of the inverse of the expectation value of the Ricci 
scalar in the limit ܶ → ∞. 

5. Conclusions  
In this work we have studied quantization of the ܴଶ gravity model within the minisuperspace framework with 
matter being described by a perfect fluid. The velocity potential formalism of Schutz (1970, 1971) was used to 
describe the dynamics of the fluid. When performing the canonical quantization we employed the scale factor ܽ 
and the curvature scalar ܴ as our variables and eliminated the second derivative of the scale factor ሷܽ 	through 
integration by parts. This method of quantization gave rise to a Wheeler-DeWitt equation that we were able to 
solve exactly in the case of flat space-like sections. A different method of quantization due to Vilenkin (1985) 
was also employed. In this method the equation expressing ܴ in terms of ܽ, Equation (10), is regarded as a 
constraint and is introduced into the expression for the action using a Lagrange multiplier. The Hamiltonian 
obtained in this way is different from that arrived at by the first method and we are led to conclude that the two 
methods of quantization are not equivalent. Moreover the resulting Wheeler-DeWitt equation in the second 
method does not possess factorizable solutions even for the case of flat space-like sections. We managed to 
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obtain solutions only for asymptotic values of the variables ܽ	and ܴ. 

The exact wave functions obtained by first method, however, did not possess the requisite behavior as ܴ → െ∞ 
and hence it was necessary to superpose them in order to obtain wave functions that describe physical states. We 
managed to construct a wave function that has finite norm and used it to calculate the expectation value of the 
scale factor ൏ ܽ ൐ at ܶ ൌ 0. It proved however to be difficult to compute expectation values for finite 
non-zero ܶ but we were able to calculate ൏ ܽ ൐	and ൏ ܴ ൐ for large ܶ. It is interesting to note that for ܶ → ∞,൏ ܽ ൐ assumes same value it did for ܶ ൌ 0. This seems to suggest a contraction scenario in which the 
universe returns to its initial size when ܶ → ∞. 

It is important to clarify the issue of presence or absence of singularities. Since we could not calculate ൏ ܽ ൐ 
for arbitrary values of ܶ,	 we cannot deduce that it never vanishes. However the existence or non-existence of 
singularities may be addressed from another view point (Christodoulakis & Papadopoulos, 1988). Recalling our 
definition of the inner product given by Equation (38) we can obtain the probability density 																																																																ܲ ൌ ܽଶ|Ψ|ଶ																																																																										    (85) 

for the stationary solutions given by Equation(51). It is clear that ܲ → 0 as ܽ → 0 and thus according to this 
criterion the singularity is avoided for the model at hand. 
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