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Abstract

choice of ¢.

The space-time of the Universe has been perturbed under a scalar field ¢ considering the minimum coupling between and
the background metric. The solutions of Einstein field equations have been obtained under perturbed geometry and the
corresponding conservation equation shows the non-equilibrium thermodynamic prescription of the cosmic fluid. Following

the stability criteria of the cosmic fluid along with the laws of thermodynamics, some constraints have been imposed on the
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Introduction

The popular explanation for the recent cosmic evolution
pattern is the introduction of cosmological constant A.
Although it fits excellently with the observation, it suffers
from two serious issues namely coincidence problem and
cosmological constant problem from theoretical point of
view [1-3]. Now it is claimed that the vacuum energy
associated with A is not constant, rather it decays into the
other matter components. In some models, A is replaced by
some phenomenological choices for variable (time
dependent) cosmological constant or cosmological scalar
field ¢ to resolve the above the issues. In some models, the
interaction between ¢ and the cosmic fluid has been
interpreted as a non-equilibrium thermodynamic process
with a dissipative cosmic fluid. Under such non-equilibrium
thermodynamic prescription, various transport mechanism
like particle creation, diffusion etc. have been assumed to set
up the theoretical interpretation of the cosmic evolution
pattern [4-12]. In most of the works, the effective energy-
momentum tensor 7, is assumed to be the function of ¢ so
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that (it wouldn't effect the background, (
R, _ERg”V +¢g,, =KT,,  the dimension factor of ¢ has

been chosen as unity for convenience) [13,14]. In some cases,

the Klein-Gordon equation of the usual cosmic fluid (the
. . . . 1 ,

scalar field with canonical Lagrangian {L _ Ea; #0,.6-V (9)

) has been modified under curved space-time ( also coupling
with gravitational field) [(mmz +ER)¢=0] [15]. But all of
such prescriptions have only one side of the gravitational
effect on the system i.e. estimation of a modified cosmic fluid
under gravity without changing the background space-time.
In this work, I have shown the effective change in the
background metric which leads to exhibit the non-
equilibrium thermodynamic phenomena (particle creation-
annihilation process) during the cosmic expansion.

The modification of the background space-time is found

due to the coupling with a specific form of the matter source.
Here the suitable matter source has been chosen in the
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form of a non-canonical scalar field from phenomenological
arguments. The coupling with non-canonical scalar field
leads to the perturbation in the background metric [16]. As
per literature, there is possibly no model which describes
the perturbation in space-time with canonical scalar
field. In this work also, no change has been found in the
original the metric due to coupling with a canonical field (
(L =X—V(¢),X) is the canonical kinetic term). Hence it
is reasonable to choose a non-canonical field because any
source with canonical Lagrangian can at best add an extra
source term with the energy-momentum tensor but it cannot
change the background metric. These arguments have been
comparatively shown in the Section - II.

The modification in the background metric
effectively alters the dynamics (evolution dynamics and
thermodynamics) of the cosmic fluid.

The Friedmann equations under the modified space-
time yields the conservation equation (non- conservation) of
the cosmic fluid under the non-equilibrium thermodynamic
phenomena like particle creation. This work is such a model
of perturbed space-time which leads to the non-equilibrium
thermodynamic evolution of the Universe. Also considering
the 2™ law of thermodynamics along with stability criteria
of the cosmic fluid, some restrictions on ¢ have been made
in this work.

Non-Equilibrium Thermodynamics of Cosmic
Fluid in Scalar Field Perturbed Space-Time

Non-canonical scalar field is a general k-essence field
with non-canonical kinetic term like L=T(X,9)-V (¢))
with T # X where X:lg””'Vﬂ¢Vv¢' the canonical kinetic
term. 2
The non-canonical scalar field ¢ minimally coupled to the
background metric g, yields the action [16-22],

S,[#.2,, ]= [d'xJ-gL (X.9) €))

Here the energy momentum tensor is given by,

Tyu = _LXVy¢VU¢+gyUL (2)
_ oL
with Lx = ox - Now applying variational principle, one can
find the equation of motion 4#& =0 | in the form,
-g o
2
G*V NV ¢+2X oL oL =0 (3)
# 0Xog 0¢
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1
G" = Lyg™ + L,V V"
where - %[ x& V'Y ¢]with
La*| 142905
In X
L, = 62]; and obviously 1+281”_LX > o for a suitable
oX OlnX

and well defined Lagrangian. Hence, the inverse metric is
given by,

OlnL,

.
2 L L L

G, =L|1+2 - Xy pl=E g — 29I v A 4

[ alnX] {g T 4 Cs[gm, o 4 (4)

1

olnL,
In X

where CS=(1+2 j the sound speed. After a

conformal transformation, one gets the metric of perturbed
space-time as [23,24]
CS LXX

G =85G =g ——_ XXy gy (5)
y7 7 g,uu LX +2XLXX y¢ u¢

In general a non-canonical scalar field has a general
DBI-type of Lagrangian L(X,¢)=1 —f(¢)\§l -2X
. Gangopadhyay D, et al. [23] in several works, used such
lagrangian for successful exhibition of emergent gravity
and other phenomena [23-27]. Some modifications are also
found in general DBI lagrangian for incorporating the effect
of K-essence.

In this work, the nonlinear Dirac -Born- Infield type of
Lagrangian has been chosen in the form
L=-m(¢)v1-2X —v(#). This form of lagrangian
corresponds to the relativistic particle in Minkwoski space-

time. For example [ —_;;\1-2x for free particle,

1 i i .
I ——mJi=2x _Ema’2¢2 for harmonic oscillator, etc. Hence,

one has the simplest form of perturbed metric as,

G =8 —0,40,9 (6)

Notably, for canonical Lagrangian L:X—u(¢), one has
G,, =&, (no change in original metric). Here the term
perturbed metric has been used to mean the effective
K-essence metric which is changed by some extra additive
perturbing term from the original back ground. Here in this

case, the perturbing metric has been found as, g, — 0,40 ¢
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In this work, the background metric
is chosen as a flat FLRW  Universe [
ds* =G, dx"dx" = dt* —a’* (t)(dx2 +dy’ + dzz) witha(r)
with a(t) as the scale factor of the Universe] and hence the
perturbed metric with minimally coupled scalar field can be

found in the form (d§2 = Gﬂudx”dxv) of equation (6),

’

@5 :[l—zpz]drz—[(az+¢f)dxz+(a3+¢f)d}*z+(al+¢f)dzz]—2{¢¢‘dxdt+¢¢\dydt+¢¢:dzdt] (7),
o¢

: o
where ¢ = Eand % = 3¢ - Ifthe the scalar field ¢ is chosen

to be the explicit function of i.e. ¢ = ¢(¢) time only i.e. ¢ = gt
, then the perturbed metric can be simplified as,

2
5’ :(1—¢ ]dﬁ @ (d +dy? +d2?) (8)

Here for a well-defined space-time, ¢52 < 1 must be followed.

R QneR rgagl GTapply Einstein  field equation
w Ty Euw = STy (taking speed of light in vacuum
¢ = 1) to obtain the evolution of the thermodynamic
parameters of the cosmic fluid under perturbed space-
time with R, as Ricci tensor and R=G"”R/w being the
Ricci scalar, G is the gravitational constant and can be taken
as 1 for suitable scaling of unit. The energy - momentum
tensor, 7, =G, T is chosen as a perfect fluid and hence,
T =diag(p,~P,—P,—P).p and P are the density and
pressure of the cosmic fluid respectively. Hence Einstein field
equation yields the modified form of Friedmann equations,

3H =8ap(1-¢7) ()
: 2 2
2H:2H1_¢2 =87 (P-p)(1-4) (10)
a . dH

with ~,, Hubble parameter and H ~ 4 - The above

modified friedmann equations (9) and (10) can also be

written as (in the form of original Friedmann equations)
3H? =8zpand -2H =8z (P+ p+P) (11)

where P = P(l — 4 ),,b = p(l -4 ) are the effective pressure

and density respectively of the cosmic fluid in modified back
ground. P 1 ¢¢ 7 can be treated as a dissipative

Az 1-§

pressure term arisen due to the effect of perturbation with
scalar-field ¢. Hence the conservation equation of the
modified thermodynamic state of the fluid can be found as,

p+3H(p+P+P)=0 (12)
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where interestingly the original fluid sustains its conservation
equation without any dissipation p+3H (P+p)=0.

So, one can claim that under unperturbed space-time the
cosmic fluid is a conservative fluid. But due to perturbation
in space-time some extra degrees of freedom will be
added with the original fluid and the effective fluid system
becomes dissipative. Hence under perturbed Universe,
even a conservative fluid may execute non-equilibrium
thermodynamic phenomena (example- particle creation -
annihilation process) under suitable conditions.

Effectively, such a system can be treated as a two fluid
system with a non-dissipative barotropic fluid ( with
density p) and a dissipative barotropic fluid ( with density
P =—pg*) of same barotropic index w (say). Hence,

(¢) D
L_PF"_P_ wand also the effective density of the

p P9 b

combination of the two fluids is additive i.e. 5= p+ p p"¥
is the energy density of the extra added degrees of freedom
induced by the perturbation. The two fluids satisfy the
individual conservation relation as,

p+3(1+w)Hp=0 (13a)

[ Y AN
p» +{3(1+a))H Z(Jp =0 (13b)

Now equations (13a) and (13b) along with equation (11)
yield

3

24ii +(3y —2) - +2p0a% g = 0 (14)
a

where y=(I+w)and p, =p(t=t,).7,being a reference
epoch of time. The equation (14) can also be written in terms
of Hubble parameter as,

2H +3yH* +2H 9 __ (15)

1-¢*

Particle Creation Mechanism

The non-equilibrium thermodynamics of cosmic fluids
can be described as particle creation- annihilation process.
Lima JAS, et al. [28] introduced an unknown non-collisional
term Pg as an extra source term in Boltzman equation to
incorporate the effect of gravitation induced particle creation
process.
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of « 5 Of
P”a)c—ﬂ—r’;ﬂp P’ P =C(f)+p, (16)

whereI,; are christoffel symbols and C(f ) is the total
collisional term. The above boltzman equation (16) describes
the evolution of phase space density f(x“,p“) (here p=0,
1, 2, 3). The particle number density is related to f as

= f ; [r(x.p")p (17)

with g, the number of spin degrees of freedom. Under mass
shell condition, f can be taken independent of temporal
momentum (p?) i.e. f:f(x” p’i)with i=1, 2, 3. Hence
the equation (16) can be assumed in simplified form under
unperturbed space-time as,

o9 o - O
“__H, —~_—c(f)+
axo p p apﬂ (f) pg

» (18)

Here p* =Eand p~' =ap™. Following Lima’s intuition [28]

P, = —ﬂﬁriﬂp P

o o, L) o
5—3H(l 3ijap (19)

aph 8f , one gets
op'

after neglecting the collisional term C(f ). I' is the particle
creation rate. Now following equation (17), one has the
particle number non-conservation equation

ﬁ+3H(1—Ljn:0 (20)
3H

In this work, an attempt is taken to incorporate the
particle creation process in the boltzman equation without
introducing any extra source term. Instead of taking any
intuition, Boltzman equation has been simplified under
perturbed geometry (equation (8)) and one finds

[af 3H\1-¢"p f} c(f) (21)
Now imposing equation (17), one finds

d &
d—’:+3H 1-¢*n = i3j(f)—p (22)

Here also neglecting the effect of collisional term, the particle
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number non-conservation equa- tion can be written as,

M i i—Fn =0 (23)
dt

Clearly the effect of perturbation leads to the dissipation
in particle number conservation with particle creation rate

fi _2).Al i ith Lima’s intuition,
F¢:—3H(1— 1_¢2) so comparing with Lima’s intuition

one may relate the scalar field with the extra particle creation
source term in perturbed space-time as

New 5 O 24
(Pg)¢=—/1(1—1/1—¢ )Fappﬂg (24)

Hence the gravitation induced particle creation process
can be assumed as a result of perturbation of underlying
space-time by a scalar field. Hence these phenomena can be
termed as scalar field induced particle creation mechanism.

Emergence of Cosmic Space and Entropy
Correction, 2" Law of Thermodynamics

The effect of the scalar field on the entropy of the system
(Universe) will be studied through the Padmanabhan’s
equation regarding the emergence of cosmic space. In the
present context, the energy density is taken additive hence
the degrees of freedom will also be additive following the
equipartition law of energy. Therefore the original equation
for an expanding system [29,30]

dv/dta[( Nourouniing — NBu”()J is modified for a two fluid

system as,
‘Z | (Nsuramtne = NV )~ (Vo + NSK) | 25)

taking the proportionality constant as unity. Here the degrees
of freedom on the surface of the Hubble sphere,
Nsroundng = 4S5 S being the entropy on the horizon and
N, = 2|EK0mar| /T 1S the degrees of freedom in the bulk
of the unperturbed system. The terms N3, and
N(u,k are the extra degrees of freedom on the surface and in
the bulk respectively arisen due to the scalar field.

Now, the komar energy of the original fluid,
EKomar = — 4/3ﬂ(3p+p)1/H3,thehorizontemperature,

T = 2z / H and hence one may find from the equations (9)
and (25),

.. 4
A Hory oo M]+ Z(3P+p)  (26)

St urroundmg
a 4r
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For the effective dissipative fluid, one can also take,

4 1677 (27)
(¢) _ omar - (¢)
Nj =2 (3P +P)

Hence one obtains the form of N\

. from equations
Surroundin;
(10), (26) and (27) as, ’

@) _4r 4 (28)

Surrounding 3 70
T H -4

Now the effective entropy of the system is found as,

Noroumang + N ép
S = =S|+ —— (29)
4 (1—¢ )H

where S =7 is the entropy of the unperturbed Universe.
In the present context, the scalar field Lagrangian is assumed
like a relativistic free particle

as
L=-myl-¢ (30)

where m is the mass of the particle. Hence from equation
(3), one finds for the Lagrangian of equation

sH+—2 9 31)

$(1-4°)

Therefore the effective entropy of the Universe in such
condition will be,

S,y =S(1-34") (32)

To satisfy the 2nd law of thermodynamics S'W. >0, one has

S 64 (33)

S 1-3¢4°

The above equation (33) can also be written asper equation
(31) as
12 1_ 12
9HM—£ >0 (34)
1-3¢° H

Now from equation (15) and (31), equation (34) is found as

¢2_3¢52(1—fz)<1 (35)
1-39
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Hence one may constrain the value of ¢ as
I+w
30+7'
where F = ¢’

(36)

Thermodynamic Aspects of Scalar Field:
Stability Analysis

The thermodynamic features of a cosmic fluid depend on
the sign of the thermodynamic derivatives like specific heats
(Cp, C,), compressibilities (K, K) and expansibility (a) of that
fluid [31,32]. Within an isolated system which undergoes
thermodynamic work done due to the continuous expansion
of volume, a stable fluid must possess the positive values of
all these thermodynamic derivatives i.e.

C,.C,.K;,Kg,a20 (37)

Specific Heats of Cosmic Fluid

The specific heats of a fluid can be obtained from the relations

OE oh
C, = (a_T) ,Cp = (a_ij (38)

where E = pv, total internal energy of the fluid and
h=E+PV =(1+w)E , enthalpy of that fluid. T is the absolute
temperature of the universe. From equation (13a), one has
the solution of energy density of the conservative fluid as,

ﬁ _ poa—3(1+m) (39)

with p0 = p(z,).1, is a reference epoch of time with
a(to) _ 1 Hence the expression of p~ can be found as

p=(1-4")ppa™ (40)

The above equation (40) can be written in the differential
form as '
dinp=-(1+w)dInv+din(1-4) (41)

3 . . .
whereV = V,@ , is the volume of the universe with
Vo = v(t =1,), volume of the universe at reference epoch.
Again asper first law of thermodynamics and idea of entropy,
one has

ds =292 41 4 (14 0) L do (42)
T dT T
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Considering entropy S as state variable of volume (v) and
temperature (T), one finds

dinT =% am 5 (43)
w

Therefore, it is found from equations (41) and (43),

dInT = -odInp+—2 1n(l—¢fz) (44)
1+

Again from equations (41) and (44), one obtains the
evolution of energy with temperature as,
T, L
E=E,—(1-¢")"
T, (45)

with E; = E(t))and T, = T(f,). Now, One has the time
evolution of temperature of universe under particle creation
mechanism as,

' 46
Z+a)(3H—I“)=O (46)
T
Figure 1: Stability region for
i F :a)(1+a))’ 4o , The shaded
V1-F 2 3w+7
area for o > 0 represents the stability region for ¢.

J

Hence in the present context, one finds from equations (23)
and (46),

T =3wHA\1-§*T (47)
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Therefore one can estimate the specific heats at constant
volume (C ) and at constant pressure (C,) of the fluid in the
form from equations (38), (45) and (47) as,

c,-L
F

v

,Cp,=C,| (1+ )+ 209 L (48)
dInT

3Ho(1-§ )%

From equation (31) C, can be simplified for relativistic free
particle as,

247 dw

C,=C,|(1+w)- +
P v ( ) @ 1_¢2 d]}’lT (49)

which eventually yields following the condition of equation
(44)

dinw (50)
1

¢, =C,|(1+0)-—22
+wdm@—¢)

—+
o1-¢* 3dina+

Compressibility and Expansibility of the Cosmic
Fluid

Considering the volume (v) of a system as a function of
temperature (T) and pressure (P), one has

dv =vadT —vK,dP (51)

1(0ov 1(oP
. ——|Z=|p el =]s K =——|=2=1T
with « " (GT) , the expansibility and &7 5 (auj s

the isothermal compressibility. So, one may write
o (9_1’) (52)
K, \or),

Following Pv=wC,T , one has

u 1(w+d1nw]_1 ot dinw (53)

ol \dInT) ol | sgingr—am(1-4)
1+

From equation (52), it can be easily found that

av
K, =—— 54
r=— (54)

Note that there is a well-known thermodynamic relation
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between specific heats and compressibilities as

K _C
—— 55
e (55)

T P

~

Hence, one also has from equations (54) and (55),

(56)

Constraints on Scalar Field from Stability
Analysis

For the cosmic fluids with constant barotropic index (w),
the expressions of a and Cp can be simplified as,

12

a:l,cpzcv (1+a))—L_ (57)
T or1- ¢
Clearly following the stability conditions of equation (37),
one can impose the constraint on ¢
as,
F__ o(l+)
JI-F 2

and also w > 0 . The condition of equation (36) according
to the 2nd law of thermodynamics must also be followed
by scalar field in the stable scenario. Hence equations (36)
and (58) con- straints the stability region of the scalar field.
These two conditions are represented graphically and the

stability region has been displayed in Fig-1. It is clear that
the stable region belongs the negative values of ¢°.

(58)

Discussion

This work accomplishes a successful attempt to
correlate the dynamics of a non-canonical scalar field fluid
and the non-equilibrium thermodynamic mechanism.
Generally, the cosmic evolution pattern (especially the late
time acceleration) is explained under the non-equilibrium
thermodynamic expansion of the cosmic fluid system. These
explanations are mostly based on the phenomenological
choices of the dissipative cosmic fluid. The non-conservative
term in the continuity equation of the dissipative cosmic fluid
is assumed to govern the non-equilibrium thermodynamics
(i.e. particle creation-annihilation mechanism, diffusion etc).
But there is neither any firm argument/evidence behind the
existence of such dissipative cosmic fluid nor any mechanism
which can transform the usual cosmic fluid in to a dissipative
one.
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In this work, I have shown how these non-equilibrium
thermodynamic processes may occur with a non-canonical
scalar field cosmic fluid. The novel aspect of this work is
the non- equilibrium thermodynamic mechanism from the
alteration of the background metric. The usual fluid will be
transformed into a dissipative one in a modified back ground
due to the interaction with a non-canonical fluid. Importantly
the thermodynamic aspects associated with the evolution
of perturbed space-time also has been analysed and some
restrictions have been imposed on ¢ for thermodynamically
well behaved cosmic evolution pattern. The key outcomes of
this model is that the space-time perturbed with real scalar
field never be thermodynamically stable. Only complex
scalar field following the restrictions may be the suitable
candidate for thermodynamically stable Universe. Also the
dark energy (w < 0) with constant equation of state will
not be thermodynamically stable in perturbed universe
and this result agrees with previous works on stability
criteria of cosmic fluid [31,32] finally, it is hoped that the
phenomenological choices for complex ¢ (obeying the
restrictions) may have the possible answers to the recent
observational data of cosmic evolution scenario.
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