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Abstract  A five dimensional Kaluza-Klein space-time is considered in the presence of a bulk viscous fluid in Barber’s 
(Gen.Relativ.Gravit.14:117, 1982) second self creation theory of gravitation. A barotropic equation of state for the pressure 
and density is assumed to get determinate solution of the field equations. Also, the bulk viscous pressure is assumed to be 
proportional to the energy density. Some physical and kinematical properties of the model are also discussed. 
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1. Introduction 
It is well known that in recent years there has been a 

considerable interest in alternative theories of gravitation 
which are viable alternatives to general relativity. Brans and 
Dicke [2] formulated a scalar-tensor theory of gravitation 
which incorporates Machs-Principle in a relativistic frame 
work. Barber [1] proposed two continuous creation theories. 
The first is a modification of Brans - Dicke theory and the 
second is an adoption of general relativity to include 
continuous creation of matter and is within the limits of 
observation. These modified theories create the universe out 
of self contained gravitation and matter fields. 

Several authors have investigated various cosmological 
models in Barber’s second self creation theory [3-15] of 
some of the authors who have investigated several aspects of 
self creation theory.  

In recent years, cosmological models with bulk viscosity 
have gained importance, since viscosity appears as the only 
dissipative phenomenon occurring in Friedmann-Robertson- 
Walker (FRW) models and has a significant role in getting 
accelerated expansion of the universe popularly known as 
inflationary phase. Bulk viscosity contributes a negative 
pressure term giving rise to an effective total negative 
pressure stimulating repulsive gravity. The repulsive gravity 
overcomes the attractive gravity of matter and gives an 
impetus for rapid expansion of the universe. Bulk viscous 
cosmological models in general relativity have been 
discussed by several authors [16-33]. Bulk viscous  
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cosmological models have been discussed in Brans-Dicke 
scalar-tensor theory of gravitation by some authors [34-36]. 
Very recently [37-46] have investigated Bianchi type 
cosmological models with cosmic strings and bulk viscosity 
in Saez - Ballester and Brans-Dicke scalar-tensor theories of 
gravitation.  

The study of higher dimensional space-time is important 
at early stages of evolution. Several [47-50] have studied 
higher dimensional cosmology because it has physical 
relevance to the early times before the universe has 
undergone compactification. Recently, several authors [32], 
[41-43] have obtained Kaluza – Klein models in modified 
theories of gravitation.  

Motivated by the above discussion and investigations we 
study, in this paper, Kaluza-Klein cosmological model in the 
presence of bulk viscosity in Barber’s second self creation 
theory. This model is a five dimensional cosmological model 
which will be useful to study the early stages of evolution in 
Barber’s second self creation theory. The plan of the paper is 
as follows: in Sec.2 explicit field equations are obtained in 
Barber’s second self creation theory with bulk viscous 
source with the aid of five dimensional Kaluza-Klein metric. 
Section 3 is devoted to the solution of highly non-linear field 
equations under same plausible conditions. The 
Kaluza-Klein bulk viscous model is presented in Barber’s 
second self creation theory. Some physical and Kinematical 
properties of the model are discussed in Sec.4. The last 
section contains conclusions.  

2. Metric and Field Equations 
We consider a five dimensional Kaluza-Klein metric in 

the form 
𝑑𝑑𝑑𝑑2 = 𝑑𝑑𝑑𝑑2 − 𝐴𝐴2(𝑡𝑡)(𝑑𝑑𝑑𝑑2 + 𝑑𝑑𝑑𝑑2 + 𝑑𝑑𝑑𝑑2) − 𝐵𝐵2(𝑡𝑡)𝑑𝑑𝑑𝑑2  (1) 
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where the fifth coordinate 𝜓𝜓 is taken to be space-like. 
The field equations in Barber’s [1] second self creation 

theory of gravitation are given by 

𝑅𝑅𝑖𝑖𝑖𝑖 −
1
2
𝑔𝑔𝑖𝑖𝑖𝑖 𝑅𝑅 = −8𝜋𝜋𝜑𝜑−1𝑇𝑇𝑖𝑖𝑖𝑖           (2) 

and the scalar field equation φ satisfies the equation 

ϕ = 8𝜋𝜋
3
𝜆𝜆𝜆𝜆                (3) 

where ;k
kϕ ϕ=  is the invariant d’Alembertian and T is 

the trace of the energy momentum tensor that describes all 
non-gravitational and non-scalar field theory. Barber’s scalar 
field φ is a function of t due to the nature of space-time which 
plays the role analogous to the reciprocal of Newtonian 
gravitational constant i.e., 𝜑𝜑 ~ 1

𝐺𝐺
 and coupling constant λ is 

determined from the experiment as |𝜆𝜆| ≤ 10−1. In the limit 
as 𝜆𝜆 → 0, this theory approaches to the Einstein theory of 
gravity in every respect. 

We consider the energy momentum tensor for bulk 
viscous fluid as  

𝑇𝑇𝑖𝑖𝑖𝑖 = ( 𝜌𝜌 + 𝑝̅𝑝)𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗 − 𝑝̅𝑝𝑔𝑔𝑖𝑖𝑖𝑖 , i, j = 0, 1,2,3,4      (4) 

where 𝜌𝜌 is the rest energy and 𝑝̅𝑝 proper pressure together 
with 

𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗 = 1 and 𝑝̅𝑝 = 𝑝𝑝 − 3𝜉𝜉𝜉𝜉         (5) 
is the total pressure which includes the proper pressure, the 
coefficient of bulk viscosity 𝜉𝜉(𝑡𝑡), 3𝜉𝜉𝜉𝜉 is usually known as a 
bulk viscous pressure, H is Hubble’s parameter, 𝑢𝑢𝑖𝑖 = 𝛿𝛿4

𝑖𝑖  is a 
four velocity for i=0,1,2,3,4. We assume that the coordinate 
to be co-moving so that 𝑢𝑢𝑖𝑖 = (1,0,0,0,0) . Here after 
semi-colon (;) denotes covariant differentiation. 

Using, co-moving coordinates, the field equations (2)-(3) 
for the metric (1) with the help of (4)-(5) yield the following 
independent equations. 

2 𝐴̈𝐴
𝐴𝐴

+ �𝐴̇𝐴
𝐴𝐴
�
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+ 2 𝐴𝐴𝐵̇̇𝐵

𝐴𝐴𝐴𝐴
+ 𝐵̇𝐵

𝐵𝐵
= (8𝜋𝜋𝜑𝜑−1)𝑝̅𝑝       (6) 
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𝐴𝐴
�
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= (8𝜋𝜋𝜑𝜑−1)𝑝̅𝑝           (7) 

3 �𝐴̇𝐴
𝐴𝐴
�

2
+ 3 𝐴𝐴𝐵̇̇𝐵

𝐴𝐴𝐴𝐴
= −(8𝜋𝜋𝜑𝜑−1)𝜌𝜌         (8) 

𝜑̈𝜑 + 𝜑̇𝜑 �3 𝐴̇𝐴
𝐴𝐴

+ 𝐵̇𝐵
𝐵𝐵
� = 8𝜋𝜋

3
𝜆𝜆(𝜌𝜌 − 4𝑝𝑝)      (9) 

Here an over head dot denotes differentiation with respect 
to t. 

The Spatial volume for the metric (1) is given by   
𝑉𝑉 = 𝐴𝐴3𝐵𝐵 = 𝑅𝑅4             (10) 

where R(t) is the scale factor of the universe. 
The mean Hubble parameter H for the metric (1) is  

𝐻𝐻 = 𝑅̇𝑅
𝑅𝑅

= 1
4
�3 𝐴̇𝐴

𝐴𝐴
+ 𝐵̇𝐵

𝐵𝐵
�           (11) 

where 𝐻𝐻𝑥𝑥 = 𝐻𝐻𝑦𝑦 = 𝐻𝐻𝑧𝑧 = 𝐴̇𝐴
𝐴𝐴
 and 𝐻𝐻𝜓𝜓 = 𝐵̇𝐵

𝐵𝐵
  

The scalar expression 𝜃𝜃 for the metric (2.1) is defined as  

𝜃𝜃 = 1
3
𝑢𝑢:𝑖𝑖
𝑖𝑖 = 1

3
�3 𝐴̇𝐴

𝐴𝐴
+ 𝐵̇𝐵

𝐵𝐵
�         (12) 

The shear scalar 𝜎𝜎 for the metric (1) is defined as 

𝜎𝜎2 = 1
2
𝜎𝜎𝑖𝑖𝑖𝑖 𝜎𝜎𝑖𝑖𝑖𝑖 = 2

3
𝜃𝜃2         (13) 

3. Solutions and the Model 
The field equations (6)-(9) are a system of four 

independent equations in five unknowns A, B, 𝑝̅𝑝,𝜌𝜌,𝑎𝑎𝑎𝑎𝑎𝑎 𝜑𝜑. 
Also the field equations are highly non-linear in nature and 
therefore we require the following plausible physical 
conditions: 

3.1. The shear Scalar 𝝈𝝈 is Proportional to Scalar 
Expansion 𝜽𝜽, so that We can Take  

 𝐴𝐴 = 𝐵𝐵𝑚𝑚                  (14) 
where m≠1 is a constant it takes care of the anisotropic 
nature of the model.  

3.2. For a Barotropic Fluid, the Combined Effect of the 
Proper Pressure and the Barotropic Bulk Viscous 
Pressure can be Expressed as  

𝑝̅𝑝 = 𝑝𝑝 − 3𝜉𝜉𝜉𝜉 = 𝜀𝜀𝜀𝜀              (15) 
where 𝜀𝜀 = 𝜀𝜀0 − 𝜁𝜁 and 𝑝𝑝 = 𝜀𝜀0𝜌𝜌  (0 ≤ 𝜀𝜀0 ≤ 1)  

3.3. The Trace of the Energy Tensor is Zero i.e. T= 0 
which Yields from Eq.(9) Reddy [44], Vidyasagar 
[45-46] 

𝜌𝜌 − 4𝑝̅𝑝 = 0                 (16) 
Now, using the above conditions the field equations 

(6)-(7) reduce to the equation 

𝐵̈𝐵
𝐵𝐵

+ 𝐾𝐾 �𝐵̇𝐵
𝐵𝐵
�

2
= 0            (17) 

where 𝐾𝐾 = 3𝑚𝑚2−3𝑚𝑚
𝑚𝑚+1

            (18) 

Integrating Eq. (17) and using Eq.(18) we have 

𝐴𝐴 = [(𝐾𝐾 + 1)(𝑐𝑐𝑐𝑐 + 𝑑𝑑)]
𝑚𝑚
𝐾𝐾+1 ,𝐵𝐵 = [(𝐾𝐾 + 1)(𝑐𝑐𝑐𝑐 + 𝑑𝑑)]

1
𝐾𝐾+1  (19) 

through the proper choice of integration constant (i.e. c=1, 
d=0) the metric (1) and scalar field with the help of 
equations (18)-(19) can be written as 

 𝑑𝑑𝑑𝑑2 = 𝑑𝑑𝑑𝑑2 − �3𝑚𝑚2−2𝑚𝑚+1
𝑚𝑚+1

𝑡𝑡�
2𝑚𝑚 (𝑚𝑚+1)

3𝑚𝑚 2−2𝑚𝑚+1 (𝑑𝑑𝑑𝑑2 + 𝑑𝑑𝑑𝑑2 + 𝑑𝑑𝑑𝑑2) 

− �3𝑚𝑚2−2𝑚𝑚+1
𝑚𝑚+1

𝑡𝑡�
2(𝑚𝑚+1)

3𝑚𝑚 2−2𝑚𝑚+1 𝑑𝑑𝑑𝑑2          (20) 

Now using Eq.(16) integrating Eq.(9) we have the scalar 
field in the model is  

𝜑𝜑 = 𝐶𝐶 �
𝑚𝑚 + 1

3𝑚𝑚2 − 2𝑚𝑚 + 1
�

3𝑚𝑚2+4𝑚𝑚+1
3𝑚𝑚2−2𝑚𝑚+1

�
−3𝑚𝑚2 + 2𝑚𝑚− 1

6𝑚𝑚
��

1
𝑡𝑡
�
� 6𝑚𝑚

3𝑚𝑚2−2𝑚𝑚+1� 

+𝜑𝜑0                                        (21) 
where C and 𝜑𝜑0  are integration constants and C=1, 
𝜑𝜑0 = 0 without loss of generality, so that we have 
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𝜑𝜑 = � 𝑚𝑚+1
3𝑚𝑚2−2𝑚𝑚+1

�
3𝑚𝑚 2+4𝑚𝑚+1
3𝑚𝑚 2−2𝑚𝑚+1 �−3𝑚𝑚2+2𝑚𝑚−1

6𝑚𝑚
� �1

𝑡𝑡
�
� 6𝑚𝑚

3𝑚𝑚 2−2𝑚𝑚+1�(22) 

It can be observed that the solution of Eqs. (6)-(9) is an 
over determined problem. However, the above assumptions 
are, at least, mathematically justified as the solutions do 
satisfy the field equations and are consistent. 

4. Physical and Kinematical Properties 
of the Model 

Eq.(20) represents a five dimensional Kaluza-Klein 
cosmological model with bulk viscosity in Barber’s second 
self creation theory. 

Spatial volume for the metric (1) is 

𝑉𝑉 = �3𝑚𝑚2−2𝑚𝑚+1
𝑚𝑚+1

𝑡𝑡�
3𝑚𝑚 2+4𝑚𝑚+1
3𝑚𝑚 2−2𝑚𝑚+1       (23) 

The mean Hubble’s parameter H for the metric (1) is 

𝐻𝐻 = �3𝑚𝑚2+4𝑚𝑚+1
3𝑚𝑚2−2𝑚𝑚+1

� 1
𝑡𝑡
            (24) 

The scalar expansion θ for the metric (1) is  

𝜃𝜃 = 1
3
�3𝑚𝑚2+4𝑚𝑚+1

3𝑚𝑚2−2𝑚𝑚+1
� 1
𝑡𝑡
           (25) 

The shear scalar σ for the metric (1) is  

𝜎𝜎2 = 2
27
�3𝑚𝑚2+4𝑚𝑚+1

3𝑚𝑚2−2𝑚𝑚+1
�

2 1
𝑡𝑡2         (26) 

Also, 𝜎𝜎
2

𝜃𝜃2 = 2
3
               (27) 

The energy density for the metric (1) is  

𝜌𝜌 = 𝐾𝐾1
16𝜋𝜋

�1
𝑡𝑡
�
� 6𝑚𝑚

3𝑚𝑚 2−2𝑚𝑚+1
�
          (28) 

where       𝐾𝐾1 = (𝑚𝑚+1)
3𝑚𝑚 2+4𝑚𝑚+1
3𝑚𝑚 2−2𝑚𝑚+1

𝑚𝑚(3𝑚𝑚2−2𝑚𝑚+1)
6𝑚𝑚

3𝑚𝑚 2−2𝑚𝑚+1
 

The proper pressure for the metric (1) is  

𝑝̅𝑝 = 𝜀𝜀0𝜌𝜌 = 𝜀𝜀𝜀𝜀1
16𝜋𝜋

�1
𝑡𝑡
�
� 6𝑚𝑚

3𝑚𝑚 2−2𝑚𝑚+1
�
      (29) 

Coefficient of bulk viscosity is  

𝜉𝜉 = (𝜀𝜀0−𝜀𝜀)𝐾𝐾1
12𝜋𝜋

�4𝑚𝑚2−2𝑚𝑚+1
3𝑚𝑚2+4𝑚𝑚+1

� �1
𝑡𝑡
�
�3𝑚𝑚 2−8𝑚𝑚+1

3𝑚𝑚 2−2𝑚𝑚+1
�
   (30) 

The scalar factor for the model is 

𝑅𝑅 = (𝐴𝐴3𝐵𝐵)1
4� = �3𝑚𝑚2−2𝑚𝑚+1

𝑚𝑚+1
�

3𝑚𝑚
4 (𝑡𝑡)

3𝑚𝑚+1
4    (31) 

The decelerating parameter for such a volume scale 
factor is 

𝑞𝑞 = −𝑅𝑅𝑅̈𝑅
𝑅̇𝑅2 = −�4𝑚𝑚−3

3𝑚𝑚+1
�         (32) 

From the above results, it can be observed that the model 
has no initial singularity. The special volume increases as t 
increases and hence we get expanding model. We also 
observed the 𝜃𝜃,𝜎𝜎2,𝐻𝐻,𝜌𝜌,𝑝𝑝, 𝑝̅𝑝 diverge for t=0 while they 

vanish for infinitely large t. However, the bulk viscosity 
becomes infinitely large as t→0, while it vanishes as t→∞ 
shown in fig 4. Also, since 𝜎𝜎

2

𝜃𝜃2 ≠ 0 the model does not 
approach isotrophy (anisotropy model) throughout the 
evolution of the universe. The scalar field φ in the model 
diverge for t=0, while it vanishes as t→∞. 

5. Conclusions 
In this paper, we have investigated the field equations for 

a five dimensional Kaluza-Klein model in presence of bulk 
viscosity within the frame work of Barber’s second self 
creation theory. A barotropic cosmic fluid is considered for 
the study. A general equation of state for energy density is 
assumed. We have also assumed that the scalar expansion θ 
is proportional to the shear scalar σ to get determinate 
solution. The solution presented will help to discuss the role 
of bulk viscosity in getting an inflationary model in five 
dimensional Kaluza-Klein model in presence of bulk 
viscosity within the frame work of Barber’s second self 
creation theory. 
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