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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 (ag)
[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 ds? = dt? — a?(t)(dx? + dy? + dz?), 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

3H? =k, 2H +3H’ =-K(P+p), 1)

a
where H = — , Hubble parameter of the Universe. P and p are the thermodynamic pressure and energy density of the cosmic fluid
a

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

pP+31L+W)Hp =0 (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,
1 1 25
L==0,¢0"p——m"¢", 3
S Out b=y ®)

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

@ +m?)¢ =0, @)
Where o= aya" , the D” Alembertian operator. The standard KG equation follows Lorentz covariance. Under the curved space-

time geometry, it can be modified in the form

1 1, 2 2
L=5V ¢V 5(m" +sR)p, (5)

VU represents the covariant derivative. R is the Ricci scalar and { is the coupling parameter. For minimal coupling, we have chosen
(=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),
v, v+ m?)$(X). = 0 (6)
X = x* = (t,%) is the space-time four vector. For flat FLRW metric, equation (5) takes the form,

F+3HI-V2p+m’p=0. @)
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a = 1= . . . . .
H = —, the Hubble parameter.V = EV . Let’s consider the formal solution of the equation (7) in terms of the Fourier transform
a

#(X) = [d3Kkp(K)e KX R _g# _ (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 .
K® +3iHK® —k?—m? =0
0. K S
Here we assume the slow variation of k= i.e. k—o «<l.X>X=a, k—>k = . X , k are the commoving space-coordinate
and momenta respectively. Eventually k.X =K .X .
The expression of K O can be found as:
3
K?=—"iH + o(t),
2
9 ;
Here o(t) = a)g _ZHZ , ay =x)k2+m2 .
The solution of this K-G equation (7) is found as,
1 o * i
= a3 TAK e TR AT e TR ®)

1
#(X)=—-7]
(2”)2 M

. SiHd . SHd L .
where Ak ,t)=e 2 a(k)and A"(k ,t)=e 2 & (k).[KdX =]o(t)dt—k.X

Generally, the commoving momenta K is dependent on time. Hence «y is also time dependent.

The solution of K-G equation is the superposition of infinite numbers of damped harmonic oscillators with momentum values
ranging —oo < k’ < oo,

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

A 1 1 3 r R o amiJKAX At oy i KdX
B0 = s T et KIAK e 4 AT e ) ©

The Hamiltonian in this case will be in the trivial form (similar as in the Minkowski space-time),
~ 1 o L2 N
h:EJdE'x [¢2+‘v¢‘ +m2¢2} (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,
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+|3Hw]jA(k AK e At [QH—BH Jjgz:AT(E',t)A'*'(—E',t)e*z”w‘“ (11)

hi= j%d3k'{A*(|Z',t)A(|Z',t)}+(

ie.:hi= [ and k(AT (K, DAK )} + [9H 202 81H4e+"9j7A(k )A(K, e 2t
K )
+ oH202+ 846 19K AT 1 AT (K e 20 with gztanl(“’)
4 20 3H

The first term in the right hand side h, = [ad k {AT (K, t) AK ', 1)} of the equation (11) is perfectly quantized with AT (k" t)and
A(E',t) are the creation and annihilation operator respectively of the boson particle with commoving momenta K.
AT(R',t)\o>:\E'),A(E’,t)\m:o, (12)
Where |0) is vacuum state or zero particle state. The corresponding number operator can be defined as,
N(k ,t) = AT (K, ) AK ,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 buta # 0. Such condition is found to be satisfied at the

origin of the emergent Universe [1-7, 14-32].
H =0,a=ag whent — -0, (14)

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

3 3
+=

AT 1) > [ag] E o' (K).AK, ) >[ac] 2a(k) (15)

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

(a )_ Mlnkwoskl 2 (16)
where : ﬁMinkwoski :is the normal ordered Hamiltonian of the real K-G field in Minkwoski spacetime.
Here the number operator will also be static with time,
A — _3 A —
Nk =(@g) “"NK)yinewosi an

3
Case: 2 The other condition for the perfect free field quantization of the Hamiltonian is Re(w) = 5 H, H =0. Hence we have

3

@y = A Hand K = EH2 . Consequently here, the system will be quantized with one particular time dependent energy

. 3 ' 9,2 2
eigen value @, = —= H and one momentum value K =,/|=H“-m~ .
g 0= 72 2
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Hence the particles created at different epochs from the vacuum state have different energy and different momentum value. So we

PIH)=K[H) = /%HZ—mzli\H>, (18)

with Kk is the unit vector along the momentum vector.

have to label the spectrum also by H value.

:ﬁ:\H)z%H\H). (19)

Here the number operator N (k ,t) will be evolving with time as,
At 3.,
Nk ) =a "N )yjinwosk (20)
3
Case: 3 If Re(w) # EH 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,

H(X) =e 2 [ Hat [%—%H&o} — %2 [ Hul, _gH(} (1)
¢ =2 [ Haty .
Consequently the form of Hamiltonian can be found as,
- A [ B T P 3 I 332 24
h=/d xE g +|Vo| +mgy +I§a)HJd X| dodo + Bty (22)

Evidently, the Hamiltonian contains two parts, h = Ho+H'. The first part Ho = [ d®z1 [(Z)g + V' o|? + m2 @2

a)z
wpa®

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

Hamiltonian and it can be quantized with energy eigen value . But the second part 7-1' cannot be quantized and here we shall

R ZiltA d
$ =g M (23)

T represents the time order product and 7:1/1 (t) is the interacting Hamiltonian in the interaction picture

representation.

3 . P A A
Hi(t) = (Z§WH)/d3$ {¢01¢01 + ¢01¢501} : (24)
Hence the spectrum at any epoch t can be found from the relation,
[k, H®), =S|k, H@), . (25)

The system (the Universe) is truly free (the interacting part A’) 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 — —oo,
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, 3

H=0, a—ag. The energy eigenvalue of the free Hamiltonian leads to —3? . In other epochs, when Re(w) = 5 H , the particle’s state
ag

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

interaction picture is denoted as,

| free); = lim R,H>|. (26)
t—>—0
Hence the state at any arbitrary epoch t with Hubble parameter H can be found as,
|k,H>I =S|free>|, (27)
Here the form of S matrix is as,
o it H ()d
§ =T Feth O 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

guantization require the existence of an emergent scenario (when H=0). In both cases, the Hamiltonian gets static at t — —oo with

A 1 .
a—ag,: h:= — ! P\inkowski -+ @nd behave like a KG field in a Minkowski space-time.
ag

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

e Free field quantization is possible only for one specific time dependent energy and momentum eigenvalue e=

! ,9
k = —Hz—mz.
2

e The interacting field quantization is possible due to the interacting Hamiltonian (H ) proposed in the equation (24) except

3
e=—H.

N

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

H 1

1w

work, we shall follow the free field quantization process of the fluid particle with energy e= —— H to obtain the cosmic evolution

2
pattern in this model [33-40].

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

E =< N ><h >, Constant. (29)

<h> :<H‘ﬁ‘H> =e (H) is the average energy of a particle at any particular epoch when the value of the Hubble parameter is H.
H(N)= <H‘N‘H> =N(H) = Noa_3 .HereNy =< &' (H)a(H) >, average value of number operator in Minkowski space.

WhenH # 0, o = g H, we have € (H) = % . Hence one may find from the equation (29),
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HN +HN =0 (30)
Incorporating the expression of N in the equation (30), we get the evolution equation,
H-3H?=0 (31)
The solution of the equation (31) yields,
a 3
H=H, [aoj (32)
_1
a=ay[1-3Ho(t-to)] 3, (33)

where ap= a(tg), Ho=H(to) and t, 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— —oo, a=~ag, 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
a=a.+ (ap—ag ) [1-3Ho(t-1p)] 3 (34)

ac [ aag |
H=H [1-2 | 22
B 0[1 a )[ao—aJ (35)

The proposed solutions (34), (35) satisfy the evolution equation (31) in the Iimit% < 1. 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 — tg, 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 t, 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

t=t + L has no physical relevance in this scenario.
0 3Hg


http://www.tsijournals.com/

www.tsijournals.com | July 2023

3% 10

o i
= 2 =10
ar

.= 10

- - : - T T T - 1
—d00D 30000 —20000  — 10000 i — Lo 0™ gk 0™ —g w0 —d % 10" —2 x 0% 0o
‘ '
(@) (b)
1w 107
8= 107
6% 10
"
H,
4. = 1075
2 %10
n

()
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, —10%). (c) In the bottom, the variation of the Hubble parameter with the scale factor. Here we take % ~3%10°%,
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FIG.2. (a) Variation of Scale factor: 2 with time t (b) Variation of Hubble parameter: Hi with ai , for t,=0 and three
0 E

different values for the ratio % for Hy=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>>ag.

The proposed solutions (34), (35) are represented graphically in FIG. 2 for three different values of the ratio % .
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FIG. 3. (a) Evolution of Scale factor: — with time t and values of % (left) and (b) Variation of Hubble parameter: —

a

with —— and 2E (right) for t,=0 in 3d plots.
ag ao

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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