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Abstract 

The emergent scenario of cosmic evolution is a topic of great interest in recent cosmology, especially because it describes a non-singular 

origin of the Universe unlike the Big-Bang models. This types of cosmic evolution pattern have already been established through the non-

equilibrium thermodynamic prescription. But those models are phenomenological and require physical interpretation from the quantum 

field theory perspective. This work is an effort to search a quantum field theoretical reason to justify the emergent nature of the Universe 

and the nature of cosmic evolution at the early phase of the cosmic expansion. 
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Introduction 

The emergent model of the Universe is becoming a very popular and interesting cosmic evolution model now days. Even in an ever 

expanding cosmic model, the Universe can be assumed to start from an emergent epoch with a non-zero constant scale factor (aE) 

[1-7]. It is a non-singular evolutionary model unlike the Big-Bang model where there is a singularity in the infinite past. In some 

previous works S. Maity in collaboration with S. Chakraborty has already successfully demonstrated the existence of emergent 

Universe under diffusion mechanism [8, 9]. The cosmic Diffusion process is a consequence of the non-equilibrium thermodynamic 

evolution of the Universe. The dissipation of the energy-momentum tensor of cosmic fluid is compensated by considering an 

interaction with a real scalar field [10-13]. For suitable phenomenological choice of the time dependent scalar field leads to the 

emergent nature of the Universe. But there is no field theoretical model to justify the diffusion mechanism. 

Again the non-equilibrium thermodynamics in cosmic perspective is an outcome of the particle creation-annihilation process which 

can be described by the quantization of the Hamiltonian of the cosmic fluid. 

This work is such an attempt to justify the possibility of the emergent Universe from the quantum field theoretical point of view. 

Here the cosmic fluid is assumed to be the real Klein-Gordon field (real scalar field) under flat FLRW space-time. Then canonical 
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quantization of the corresponding Hamiltonian is done and the conditions for complete and smooth quantized Hamiltonian are 

obtained. Then the possibility of emergent era has been determined from these conditions. 

 

Dynamics of Real Scalar Field in FLRW Space-Time and its Quantization 

In the framework of Einstein’s general relativity, the evolution of the cosmic fluid is governed by Friedmann equations in a flat 

FLRW Universe 𝑑𝑠2 = 𝑑𝑡2 − 𝑎2(𝑡)(𝑑𝑥2 + 𝑑𝑦2 + 𝑑𝑧2), a is the time dependent scale factor of the Universe. Considering the 

cosmic fluid as a barotropic fluid with barotropic index W, the trivial from of Friedmann equations are 

2 2
3 , 2 3 ( )H k H H K P      ,                                                                    (1) 

where
a

H
a

 , Hubble parameter of the Universe. P and ρ are the thermodynamic pressure and energy density of the cosmic fluid 

respectively. Effectively the conservation equation of the fluid will be as, 

3(1 ) 0W H                                                                                     (2) 

Here in this work, the dynamics of the cosmic fluid is aimed to explore following the ideas of quantum field theory. Here we start 

from representing the cosmic fluid by the Lagrangian of a real scalar field (Klein-Gordon field). It is the most trivial field with no 

charge symmetry. It holds neither rigid nor gauge symmetry. In flat space-time (Minkowski geometry), the form of the Lagrangian 

density is given by, 

2 21 1

2 2
L m


      ,                                                                              (3) 

With m, the mass of the particle. 
*

  is a real scalar field of space-time. This Lagrangian density is Lorentz invariant. This 

Lagrangian density yields the equation of motion (standard Klein-Gordon equation) as 

2 2
( ) 0,m                                                                                         (4) 

Where 
2




    , the D’ Alembertian operator. The standard KG equation follows Lorentz covariance. Under the curved space-

time geometry, it can be modified in the form 

2 21 1
( )

2 2
L m R




        ,                                                                     (5) 

∇µ represents the covariant derivative. R is the Ricci scalar and ζ is the coupling parameter. For minimal coupling, we have chosen 

ζ=0. This modified Lagrangian density is also a Lorentz invariant quantity. The Euler-Lagrangian equation yields the K-G equation 

from this Lagrangian density of equation (5), 

2
( ) (X). 0m




                                                                                  (6) 

𝑋 = 𝑥𝜇 = (𝑡, 𝑥⃗) is the space-time four vector. For flat FLRW metric, equation (5) takes the form, 

'2 2
3 0H m       .                                                                            (7) 
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a
H

a
 , the Hubble parameter.

' 1

a
   . Let’s consider the formal solution of the equation (7) in terms of the Fourier transform

3( ) ( ) i KdXX d k K e     .
0

( , )K k k k


  , the effective four momenta in this case. This modified KG equation does not hold 

Lorentz covariance. So it exhibits spontaneous Lorentz symmetry breaking. The term 3H  causes the dissipation of energy from 

the real scalar field like a damped oscillator. Here we adopt the modification of the Lagrangian of the cosmic fluid field only due to 

the altered metric as a manifestation of the gravity. Here we haven’t imposed any extra term containing the signature of coupling 

between the real scalar field and the gravity. This approach is justified because we aimed to focus on the dynamics of the cosmic 

fluid under curved space-time. From the formal solution, one can estimate from equation (7), 

2
0 0 '2 2

3 0K iHK k m     

Here we assume the slow variation of 
0

k  i.e.

0

0
1

k

k
 . 

'
x x ax  , 

' k

a
k k  . 

'
x , 

'
k  are the commoving space-coordinate 

and momenta respectively. Eventually
' '

. .k x k x .  

The expression of 
0

K  can be found as: 

0 3
( ),

2
K iH t    

Here
2 2
0

9
( ) ,

4
t H  

'2 2
0 k m   . 

The solution of this K-G equation (7) is found as, 

3 ' ' * '

3
02

1 1
( ) [ ( , ) ( , ) ]

2
(2 )

i KdX i KdX
X d k A k t e A k t e




    ,                                                 (8) 

where 

3
' '2( , ) ( )

Hdt
A k t e k

 
 and  

3
' '2( , ) ( )

Hdt
A k t e k

  
 . ( ) .KdX t dt k x    

Generally, the commoving momenta
'

k is dependent on time. Hence ω0 is also time dependent. 

The solution of K-G equation is the superposition of infinite numbers of damped harmonic oscillators with momentum values 

ranging −∞ < 𝑘 , < ∞. 

For quantization of the Hamiltonian, this solution of the field will be replaced by the field operator, 

3 †

3/2
0

' ' '1 1ˆ ˆ ˆ( ) [ ( , ) ( , ) ]
2(2 )

i KdX i KdX
X d k A k t e A k t e



  
                                                (9) 

The Hamiltonian in this case will be in the trivial form (similar as in the Minkowski space-time), 

2
3 ' 2 ' 2 21ˆ ˆ ˆ ˆ

2
h d x m     

 
  

                                                                             (10) 

The form of the Hamiltonian as in the equation (10) looks very trivial in this form but the explicit form of ̂  in FLRW metric adds 

some non -trivial terms in the Hamiltonian. The form of the normal ordered Hamiltonian in this scenario can be found as, 

http://www.tsijournals.com/
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2 3 ' 2 3 '
2 23 ' † ' ' ' ' '† ' †

0
0 0

9 9ˆ ˆ ˆ ˆ ˆ ˆ ˆ: : { ( , ) ( , )} 3 ( , ) ( , ) 3 ( , ) ( , )
2 2 2 2

i dt i dtH d k H d k
h d k A k t A k t i H A k t A k t e i H A k t A k t e

 
  

 

  
   
    
   
   

        (11) 

 

 

i.e.
3 '

23 ' † ' ' '2 2 4
0

0

81ˆ ˆ ˆ ˆ ˆ: : { ( , ) ( , )} 9 ( , ) ( , )
4 2

i dti d k
h d k A k t A k t H H e A k t A k t e


 



                     

3 '
2† ' † '2 2 4

0

81 ˆ ˆ9 ( , ) ( , ) e
4 2

i dti d k
H H e A k t A k t






    , with 
1 2

tan
3H







 
 
 

. 

The first term in the right hand side 
3 ' † ' '

00
ˆ ˆ ˆ{ ( , ) ( , )}h d k A k t A k t  of the equation (11) is perfectly quantized with 

† 'ˆ ( , )A k t and 

'ˆ( , )A k t are the creation and annihilation operator respectively of the boson particle with commoving momenta
'

k . 

† ' ''ˆ ˆ( , ) 0 , ( , ) 0 0,A k t k A k t                                                                           (12) 

Where |0⟩ is vacuum state or zero particle state. The corresponding number operator can be defined as, 

' † ' 'ˆ ˆˆ ( , ) ( , ) ( , )N k t A k t A k t                                                                              (13) 

The second term in the expression of the Hamiltonian in the equation (11) cannot be quantized. In this case, we have several 

alternative restrictions on the parameters to handle the non-trivial term and get the quantized form of the Hamiltonian operator. 

Case 1: For quantization of the Hamiltonian, one condition may be H=0 but a ≠ 0. Such condition is found to be satisfied at the 

origin of the emergent Universe [1-7, 14-32]. 

0, EH a a when t  ,                                                                        (14) 

with aE is the scale factor of the Universe at the emergent epoch. Under this condition, one has, 

3 3

† ' † ' ' '2 2ˆ ˆ( , ) [ ] (k ), A(k , t) [a ] ( )
E E

A k t a k 
 

                                                          (15) 

Also the non-trivial terms vanishes at this epoch. Hence one may find the Hamiltonian in the form, 

3
: :,ˆ ˆ: : ( )

E Minkwoski
h a h


                                                                        (16) 

where : :ˆ
Minkwoski

h is the normal ordered Hamiltonian of the real K-G field in Minkwoski spacetime. 

Here the number operator will also be static with time, 

3ˆ ˆ( , ) ( ) ( )E Minkwoski
N k t a N k


 .                                                                         (17) 

Case: 2 The other condition for the perfect free field quantization of the Hamiltonian is 
3

Re( )
2

H  , 0H  . Hence we have

0

3

2
H  and 

' 9 2 2

2
H mK  . Consequently here, the system will be quantized with one particular time dependent energy 

eigen value 
0

3

2
H  and one momentum value

' 9 2 2

2
H mK  . 
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Hence the particles created at different epochs from the vacuum state have different energy and different momentum value. So we 

have to label the spectrum also by H value. 

2 29ˆ ˆ
2

P H k H H m k H   ,         (18) 

with k̂ is the unit vector along the momentum vector.

ˆ: :
3

2
h H H H .         (19) 

Here the number operator 
'ˆ ( , )N k t will be evolving with time as, 

' 3 'ˆ ˆ( , ) ( )
Minkwoski

N k t a N k


 (20) 

Case: 3 If 
3

Re( )
2

H  and H is non-zero, then one may develop the quantization method analogs with the interacting field

theory. Here the explicit form of ̂  can be written as, 

3/2 3/2
0 0 0

33ˆ ˆ ˆ ˆ( ) e
22

X Hdt H e Hdt H    
  

   
                     (21) 

3/2
0
ˆˆ Hdte 


 . 

Consequently the form of Hamiltonian can be found as, 

2
3 2 2 2 3

0 0 0 0 0 0

1 3'ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

2 2
h d x m i H d x             

   
   

                      (22) 

Hamiltonian and it can be quantized with energy eigen value
2

3
0a




. But the second part 

'
 cannot be quantized and here we shall 

treat it as an interacting Hamiltonian. Hence we can calculate the S- matrix for this interacting Hamiltonian.

'ˆ ( )ˆ
ti H t dtIS Te  

  ,        (23) 

        (24) 

Hence the spectrum at any epoch t can be found from the relation, 

ˆ, ( ) , ( )
I

k H t S k H
I

 ,         (25) 

The system (the Universe) is truly free (the interacting part 𝐻̂′) when H=0 . Again a valid free field Hamiltonian requires the 

conditions H≃0 but 𝑎 ≠ 0. Evidently, these conditions are found in the infinite past (the origin of the emergent Universe), t → −∞, 

Evidently, the Hamiltonian contains two parts, ĥ = Ĥ0+Ĥ′. The first part Ĥ0 =
∫
d3x1

2

[
˙
ϕ̂2
0 + |∇⃗′ϕ̂0|2 +m2ϕ̂2

0

]

Ĥ

Ĥ′
I(t) is the interacting Hamiltonian in the interaction pictureT represents the time order product and

representation.

Ĥ′
I(t) = (i

3

2
ωH)

∫
d3x

[
ϕ̂ ϕ̂
˙
0I ϕ̂0I + ϕ̂0I

˙
0I

]
.

http://www.tsijournals.com/
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H≃0, a→aE. The energy eigenvalue of the free Hamiltonian leads to 0
3
Ea


 . In other epochs, when

3
Re( )

2
H  , the particle’s state 

at any epoch can be related to the free field state (particle’s state at H ≃ 0) through the 𝑆̂ matrix. Let the free field state in the 

interaction picture is denoted as, 

lim , .free k HI It



                                                                           (26) 

Hence the state at any arbitrary epoch t with Hubble parameter H can be found as, 

ˆ, ,
II

k H S free                                                                            (27) 

Here the form of S matrix is as, 

'ˆ ( )ˆ
ti H t dtIS Te

   .                                                                              (28) 

Emergent Scenario and Cosmic Evolution 

The conditions for quantization of the cosmic fluid suggests that both the free field quantization and the interacting field 

quantization require the existence of an emergent scenario (when H=0). In both cases, the Hamiltonian gets static at t → −∞ with 

a→aE,
3

1ˆ ˆ: : : :Minkowski
E

h h
a

 , and behave like a KG field in a Minkowski space-time.  

At other epochs (when 𝐻 ≠ 0), the quantization is possible in the following ways.  

 Free field quantization is possible only for one specific time dependent energy and momentum eigenvalue
3

2
H , 

' 2 29

2
k H m  . 

 The interacting field quantization is possible due to the interacting Hamiltonian (
'

H ) proposed in the equation (24) except

3

2
H . 

One may expect the same cosmic evolution pattern from the dynamics of the cosmic fluid under both quantization processes. In this 

work, we shall follow the free field quantization process of the fluid particle with energy 
3

2
H to obtain the cosmic evolution 

pattern in this model [33-40]. 

In an isolated Universe, the total energy will be conserved. Hence one may write the total energy 

ˆˆE N h    , Constant.                                                                                (29) 

ˆ ˆ ( )h H h H H    is the average energy of a particle at any particular epoch when the value of the Hubble parameter is H.

3

0
N̂ ˆH ( )H N H N H N a


   . Here    †

0
ˆ ˆN H H    , average value of number operator in Minkowski space.  

When 𝐻 ≠ 0, 
3

2
H  , we have 

3
( )

2
H  . Hence one may find from the equation (29), 

http://www.tsijournals.com/
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0HN HN                                                                                           (30) 

Incorporating the expression of N in the equation (30), we get the evolution equation, 

2
3 0H H                                                                                          (31) 

The solution of the equation (31) yields, 

3

0
0

a
H H

a

 
  
 

                                                                                    (32) 

1

30 00
1 3 ( ) ,a a H t t


                                                                                        (33) 

where a0= a(t0), H0=H(t0) and t0 is a reference epoch of time. It is already mentioned that this solution will be valid at 𝐻 ≠ 0. Hence 

it will not reflect the continuous evolution from the epoch of origin t→ −∞, a≃aE, H=0 to any𝐻 ≠ 𝑒𝑝𝑜𝑐ℎ. Clearly, there is a 

discontinuity immediately after the universe starts accelerating from H=0. 

In order to connect the evolution of H=0 phase and non-zero Hubble parameter phase, we have proposed a modified form of the 

scale factor and Hubble parameter as follows: 

   
1

30 0 01 3EE
a a a a H t t


 
                                                                                (34) 

3

0
0

1 E E

E

a a a
H H

a a a

  
  

    


 


                                                                                  (35) 

The proposed solutions (34), (35) satisfy the evolution equation (31) in the limit 1
0

aE
a

. On the other hand, it satisfies the 

condition of emergent scenario as equation (14). The choice of scale factor and Hubble parameter perfectly describes the cosmic 

evolution pattern under the quantization of cosmic fluid. Also at the limit t → t0, the scale factor starts to increase very rapidly and 

it satisfies the symptoms of the beginning of inflation or early time acceleration. Reasonably one may consider the reference epoch 

of time t0 in the equation (34) is the starting point of the inflationary era. Therefore the present model is the suitable description of 

the pre-inflationary cosmic evolution. From t0, the cosmic evolution pattern will be changed and the evolution equation will have 

the different form. Thus the existence of mathematical Big-rip singularity of the solutions in equations (34) and (35) at 

0
0

1

3
t t

H
  has no physical relevance in this scenario. 

http://www.tsijournals.com/
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(a)                                                                               (b) 

 

                (c) 

FIG.1. Comparison between the solution (long dash, red) of equations (32), (33) and the proposed forms (solid, Black) (34), 

(35) of the scale factor and the Hubble parameter. (a) In the top left, variation of scale factor with time in the range of the 

time epoch (−50000, 0). (b) In the top right, the variation of scale factor with time in the range of very early epoch of time 

(−10
100

 , −10
99

). (c) In the bottom, the variation of the Hubble parameter with the scale factor. Here we take
8

0
3 10Ea

a


  , 

0 1H  . 
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                                                              (a)                                                                                 (b) 

FIG.2. (a) Variation of Scale factor: 
0

Ea

a
with time t (b) Variation of Hubble parameter: 

0

H

H
with

E

a

a
, for t0=0 and three 

different values for the ratio 
0

Ea

a
for H0=1. 

Discussion 

In this present model, we have successfully established the non-singular origin of the Universe from the perspective of quantum 

field theory. Also we have shown two different alternatives for which the cosmic fluid field may be quantized at other epochs. As 

the conclusions, one gets that the Universe consisted of the free real K-G field fluid at the emergent epoch. Then it starts evolving 

with particle creation process with a specific time dependent energy and momenta value or alternatively it may be evolved under an 

interacting Lagrangian mentioned (proposed) in the article (equation (24)).  

Following the first option, the evolution pattern of the Universe has been obtained in the non-zero Hubble parameter epoch.  

Also we have proposed a general evolutionary scenario from the epoch of the origin up to an inflationary phase. It is established 

that these proposed forms of the scale factor and the Hubble parameters fit well with the condition of quantization process and the 

cosmic evolution.  

The deviation of the derived solutions (32), (33) from the modified solutions (34), (35) in FIG.1. It is found that these solutions are 

identical except the early epoch of time. They are going to coincide in the limit a>>aE.  

The proposed solutions (34), (35) are represented graphically in FIG. 2 for three different values of the ratio 
0

Ea

a
.  

http://www.tsijournals.com/
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                (a)                                                                      (b) 

FIG. 3. (a) Evolution of Scale factor: 

E

a

a
with time t and values of  

0

Ea

a
 (left) and (b) Variation of Hubble parameter: 

0

H

H

with 

E

a

a
and 

0

Ea

a
 (right) for t0=0 in 3d plots. 

In FIG. 3, these parameters are shown in 3d plots for better realization of the outcomes of this model. This work is a demonstration 

of finding the effect of traditional Friedman cosmology from the dynamics of quantum fields. Finally it is noteworthy that it will be 

aimed to set up a convenient quantum field model to interpret the present late time acceleration along with a complete and 

continuous cosmic evolutionary scenario in a series of future works. 

 

Conclusion 

This present work is a study of the early time evolution of the Universe from the canonical quantization of the cosmic fluid. Here 

we start by assuming the cosmic fluid to have a free real scalar field Lagrangian (Klein-Gordon Lagrangian) and then the behavior 

of such cosmic fluid model in a curved space-time has been examined. This study's outcomes strongly demand a non-singular 

emergent origin of the Universe. In the past infinity, the Universe started from a non-zero static (zero Hubble parameter) volume 

containing the cosmic fluid particles with free field quantized Hamiltonian (identical to a flat Minkowski space-time). Then the 

Universe starts evolving under the quantization of cosmic fluid particles with a particular time-dependent energy and momentum 

value. Following this condition, we have obtained the evolution dynamics of the early Universe at non-zero Hubble parameter 

epochs. But this evolution equation does not agree at the cosmic origin (past infinity). Hence this model does not directly come into 

a continuous cosmic evolution from the emergent origin. But have introduced phenomenological choices of scale factor and Hubble 

parameter which satisfy the criteria of an emergent model in the infinite past and also resemble with the evolution pattern at other 

epochs found from this model. Hence we have established a continuous evolution of the Universe from an emergent origin through 

the canonical quantization of the cosmic fluid. It is also noteworthy that one may explore this aspect of cosmic fluid from quantum 

field theory to study the behavior of the Universe at other cosmic phases of evolution. Besides one may set a correlation between 

other physical aspects like thermodynamic evolution and quantization of the cosmic fluid. 
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www.tsijournals.com | July 2023 
 
 

 

 

   11  
 

 

 

Acknowledgment 

The author SM acknowledges Prof. Subenoy Chakraborty, Dept. of Mathematics, Jadavpur University, Kolkata-700032 for his 

valuable suggestion on this topic and the author SB thanks all the faculties, Dept. of Physics, Diamond Harbour Women University 

for their assistance while this work. 

 

REFERENCES 

1. Chakraborty S. Is emergent universe a consequence of particle creation process?. Phys. Lett. B. 2014;732:81-4.  

2. Ellis GF, Murugan J, Tsagas CG. The emergent universe: an explicit construction. Class. Quantum Gravity. 

2003;21(1):233.  

3. Ellis GF, Maartens R. The emergent universe: Inflationary cosmology with no singularity. Class. Quantum Gravity. 

2003;21(1):223.  

4. Guendelman E, Herrera R, Labrana P, et al. Emergent cosmology, inflation and dark energy. Gen. Relativ. Gravit. 

2015;47:1-26.  

5. Bose A, Chakraborty S. Does emergent scenario in Hořava–Lifshitz gravity demand a ghost field?. Phys. Dark Universe. 

2020;30:100740.  

6. Bhattacharya S, Chakraborty S. A model of the emergent Universe in inhomogeneous spacetime. Class. Quantum Gravity. 

2016;33(3):035013.  

7. Banerjee A, Bandyopadhyay T, Chakraborty S. Emergent universe in brane world scenario. arXiv preprint 

arXiv:0705.3933. 2007.  

8. Maity S, Chakraborty S. Does diffusion mechanism favor the emergent scenario of the universe?. Int. J. Mod. Phys. A. 

2022;37(03):2250016.  

9. Maity S, Chakraborty S. Continuous cosmic evolution with diffusive barotropic fluid: First-order thermodynamic phase 

transition. Int. J. Mod. Phys. A. 2021;36(29):2150199.  

10. Benisty D, Guendelman EI, Haba Z. Unification of dark energy and dark matter from diffusive cosmology. Phys. Rev. D. 

2019;99(12):123521.  

11. Benisty D, Guendelman EI. A transition between bouncing hyper-inflation to Λ CDM from diffusive scalar fields. Int. J. 

Mod. Phys. A. 2018;33(20):1850119.  

12. Benisty D, Guendelman EI. Unified DE–DM with diffusive interactions scenario from scalar fields. Int. J. Mod. Phys. D. 

2017;26(12):1743021.  

13. Benisty D, Guendelman EI. Interacting diffusive unified dark energy and dark matter from scalar fields. Eur. Phys. J. C. 

2017;77(6):396.  

14. Maity S, Chakraborty S. Is cosmic evolution process with diffusive fluid equivalent to a Heat Engine?. Available at SSRN 

4116986. 2022.  

15. Maity S. Cyclic evolution in a two fluid diffusive Universe. arXiv preprint arXiv:2205.09759. 2022.  

16. Mukherjee S, Paul BC, Maharaj SD, et al. Emergent universe in Starobinsky model. arXiv preprint gr-qc/0505103. 2005.  

http://www.tsijournals.com/
https://www.sciencedirect.com/science/article/pii/S0370269314001841
https://iopscience.iop.org/article/10.1088/0264-9381/21/1/016/meta
https://iopscience.iop.org/article/10.1088/0264-9381/21/1/015/meta
https://link.springer.com/article/10.1007/s10714-015-1852-1
https://www.sciencedirect.com/science/article/abs/pii/S2212686420304532
https://iopscience.iop.org/article/10.1088/0264-9381/33/3/035013/meta
https://arxiv.org/abs/0705.3933
https://www.worldscientific.com/doi/abs/10.1142/S0217751X22500166
https://www.worldscientific.com/doi/abs/10.1142/S0217751X21501992
https://www.worldscientific.com/doi/abs/10.1142/S0217751X21501992
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.123521
https://www.worldscientific.com/doi/abs/10.1142/S0217751X18501191
https://www.worldscientific.com/doi/abs/10.1142/S0218271817430210
https://link.springer.com/article/10.1140/epjc/s10052-017-4939-x
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4116986
https://arxiv.org/abs/2205.09759
https://arxiv.org/abs/gr-qc/0505103


www.tsijournals.com | July 2023 
 
 

 

 

   12  
 

 

17. Mukherjee S, Paul BC, Dadhich NK, et al. Emergent universe with exotic matter. Class. Quantum Gravity. 

2006;23(23):6927.  

18. Beesham A., Chervon S.V., Maharaj D. An emergent universe supported by a nonlinear sigma model. Classical and 

Quantum Gravity. 2009;26(7):075017.  

19. Paul B.C., Maharaj S.D., Beesham A. Emergent Universe Scenario in Modified Gauss-Bonnet Gravity. arXiv preprint 

arXiv:2008.00169. 2020.  

20. Zhang K, Wu P, Yu H. Emergent universe in spatially flat cosmological model. J. Cosmol. Astropart. Phys. 

2014;2014(01):048.  

21. Paul B.C., Majumdar A. Emergent universe with interacting fluids and the generalized second law of thermodynamics. 

Class. Quantum Gravity. 2015;32(11):115001.  

22. Debnath P.S., Paul B.C. Emergent universe model with dissipative effects. Mod. Phys. Lett. A. 2017; 32(39):1750216.  

23. Paul, B. C., Majumdar, A.S. Emergent universe with wormholes in massive gravity. Cl., Quantum Gravity. 35.6 2018; 35 

(6): 065001.  

24. Maity S., Bakra S. Cosmic evolution under the quantization of real scalar field. 2023; 2304.12147.  

25. Maity S., Bakra S. Cosmic evolution under the quantization of real scalar field. 2023; 212147  

26. Paul B.C., Maharaj S.D., Beesham A. Reconstruction of modified Gauss–Bonnet gravity for emergent universe. Eur. Phys. 

J. C. 2022; 31(06):2250045.  

27. Paul BC. Emergent universe in D ≥ 4 D≥ 4 dimensions with dynamical wormholes. Eur. Phys. J. C. 2021; 81:1-1.  

28. Paul B.C., Thakur P., Ghose S. Constraints on exotic matter needed for an emergent universe. Mon. Not. R. Astron. Soc. 

2010 ;407(1):415-9.  

29. Paul B.C., Ghose S, Thakur P. Emergent Universe from a composition of matter, exotic matter and dark energy. Mon. Not. 

R. Astron. Soc. 2011;413(1):686-90.   

30. Ghose S., Thakur P., Paul B.C. Observational constraints on the model parameters of a class of emergent universe. Mon. 

Not. R. Astron. Soc. 2012 ;421(1):20-4.  

31. Labrana P. Emergent universe scenario and the low CMB multipoles. Phys. Rev. D. 2015 ; 91(8):083534.  

32. Paul B.C., Chanda A. Observational constraints on emergent universe model with non-linear viscous fluid. Gen. Relativ. 

Gravit. 2019 ; 51:1-7.  

33. Perez A., Sudarsky D., Wilson-Ewing E. Resolving the H 0 tension with diffusion. Gen. Relativ. Gravit. 2021 ;53(1):7.  

34. Maity S., Bhandari P., Chakraborty S. Universe consisting of diffusive dark fluids: thermodynamics and stability analysis. 

Eur. Phys. J. C. 2019 ;79:1-8.  

35. Muller S., Beelen A., Black J.H., et al. A precise and accurate determination of the cosmic microwave background 

temperature at z= 0.89. Astron. Astrophys. 2013 ; 551:A109.  

36. MacDougall F.H. Thermodynamics of Irreversible Processes. By SR de Groot. J. Phys. Chem. 1951; 55(9):1577-8.  

37. Haba Z. Models of a Diffusive DM/DE Interaction. Acta Physica Polonica B. Proc. Suppl.. 2017; 10(2):333.  

38. Y. B. Zeldovich, Starobinsky A.A., Sov. Phys. JETP 34, 1159-1166 (1972).  

39. Senft JR. Mechanical efficiency of heat engines. Camb. Univ. Press; 2007.  

http://www.tsijournals.com/
https://iopscience.iop.org/article/10.1088/0264-9381/23/23/020/meta
https://iopscience.iop.org/article/10.1088/0264-9381/26/7/075017/meta
file:///C:/Users/UGT0413/Downloads/Class.%20Quantum%20Gravity
file:///C:/Users/UGT0413/Downloads/Class.%20Quantum%20Gravity
https://arxiv.org/abs/2008.00169
https://iopscience.iop.org/article/10.1088/1
https://iopscience.iop.org/article/10.1088/0264-9381/32/11/115001/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217732317502169
https://iopscience.iop.org/article/10.1088/1361-6382/aaa6a3/meta
https://arxiv.org/abs/2304.12147
https://arxiv.org/abs/2304.12147https:/arxiv.org/abs/2304.12147
https://www.worldscientific.com/doi/abs/10.1142/S0218271822500456
https://link.springer.com/article/10.1140/epjc/s10052-021-09562-2
https://academic.oup.com/crawlprevention/governor?content=%2fmnras%2farticle-abstract%2f407%2f1%2f415%2f985514
https://academic.oup.com/mnras/article/413/1/686/1066167
https://academic.oup.com/mnras/article/421/1/20/989362
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.083534
https://link.springer.com/article/10.1007/s10714-019-2551-0
https://link.springer.com/article/10.1007/s10714-020-02781-0
https://link.springer.com/article/10.1140/epjc/s10052-019-6603-0
https://www.aanda.org/articles/aa/abs/2013/03/aa20613-12/aa20613-12.html
https://www.aanda.org/articles/aa/abs/2013/03/aa20613-12/aa20613-12.html
https://pubs.acs.org/doi/pdf/10.1021/j150492a019
https://www.actaphys.uj.edu.pl/fulltext?page=333&series=Ser&vol=10
https://books.google.co.in/books?hl=en&lr=&id=2SqxYs59wDUC&oi=fnd&pg=PA12&dq=39.%09Senft,+J.+(2007).+Mechanical+Efficiency+of+Heat+Engines.+Cambridge:+Cambridge+University+Press.+doi:10.1017/CBO9780511546105++&ots=S3ePNhBkdW&sig=mLBGsXmOV_qZH13DAvomR-Yh_DE&redir_esc=y


www.tsijournals.com | July 2023 
 
 

 

 

   13  
 

 

40. Chakraborty S., Bhattacharya S. Cosmic evolution with a general Gaussian type scale factor. Int. J. Mod. Phys. D. 

2018;27(14):1847019.  

 

 

 

http://www.tsijournals.com/
https://www.worldscientific.com/doi/abs/10.1142/S0218271818470193

