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Abstract. This study explores the Bianchi type-V cosmological model with in the frame work of general
relativity, featuring a perfect fluid governed by the polytropic equation in Lyra’s Geometry, expressed
p = ap + kp", as proposed at [1]. We considered the case representing phantom universe for(l + «
+ kp" 1) €0, k <0, where p increases with the radius a(¢). The role of Lyra;s Geometry has been
discussed/ The solution to Einsteins field equation have been derived, providing insights into the physical
and cosmological attributes of this particular model.
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Introduction

In modern cosmology, the present combination of the universe’s energy is delineated as around
5% ordinary matter, 20% dark matter, and 75% dark energy [1] The universe’s expansion ini-
tiated with a remarkable inflationary surge propelled by vacuum energy. Between 1073° and
10733 seconds after the onset of the Big Bang, the universe underwent a staggering expansion by
a factor of 103° [2-4]. However, inflation fails to provide an explanation for the time preceding
the origin of the universe. As a result, the universe transitioned into the radiation era and, as
the temperature decreased less than 10 K, the matter era advanced [5]. Currently, the universe
undergoes accelerated expansion [6], attributed to either the cosmological constant or a form of
dark energy with negative pressure violating the strong energy condition [7]. This phase repre-
sents a second inflationary period, which is distinct from the initial one. However, the nature of
the pre-radiation era (very early universe), dark matter and dark energy has remained enigmatic
and mysterious, prompting speculation. The nature of the early universe in the context of the
Big Bang theory is not understood [8]. The characteristic s of the universe are not consistent
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with weather the universe was hot or cold state. The investigation of cosmic microwave back-
ground radiation (CMB) was achieved via the hot universe theory [9-11] therefore, we accepted
the Big Bang theory. According to that theory, the early universe was combined with an ultra-
relativistic classical gas can present a photon, electrons, positrons, quarks, antiquarks, etc. It is
clearly observed that at the early stage of the universe, the scale factor vanishes while the energy
density and temperature become infinite. This situation reveals the initial cosmological singular-
ity commonly known as the Big Bang. The up-to-date studies on a cosmological model based on
Bose—Einstein condensate dark matter (BEC DM). The Bose-Einstein condensate EoS [12-15]
can be generalized as p = ap + kp?. If k > 0 the model represents repulsive, if k < 0, the
model represents attractive self-interaction and when k = 0, the standard linear equation of
state p = apcz.

This paper delves into the examination of the modified equation of state, as proposed by [1].

p=ap+kp" (1)

The author of [16,17] reviewed different available sources and studied the likeness between the
polytropic equation of state and a cosmological model, where the fluid that fills the universe has
an effective bulk viscosity. The author of [18] suggested that a polytropic gas model. The authors
of [19] used the available information from different sources and studied the polytropic inflation-
ary model in brane world scenario. The author [20] studied Bianchi-I Dark with polytropic DE.
The authors of [21] studied the Kantowski universe with the Polytropic EoS parameter. The au-
thors of [22] conducted a remarkable study on anisotropic and homogeneous cosmological models
with the polytropic EoS parameter. The authors of [23-25] performed an intended study on
Bianchi-type-V cosmological models in modified theories of gravitation.

Einstein’s field equations, integral to comprehending the uniformity and static model of the
universe, impose constraints allowing only dynamic cosmological models for non-zero energy
density. Consequently, Einstein’s general theory of relativity becomes interpretable in terms of
geometry. Following the advent of general relativity, Weyl [26] in 1918 expanded Riemannian
geometry, applying it to physical contexts to formulate the initial unified theory encompassing
gravity and electromagnetism. However, Einstein vehemently opposed Weyl’s unified theory,
leading to its neglect for over several years. Subsequently, Lyra [27] introduced a gauge function,
effectively modifying Riemannian geometry and rendering it a structureless manifold. This alter-
ation naturally gave rise to cosmological constants within the fabric of the universe’s geometry.
Since we have performed remarkable research, we are interested in continuing our research with
this paper on the Bianchi type-V model and the energy-momentum tensor consisting of a perfect
fluid with polytropic equation of state in Lyra’s Geometry. In the case (1 + a + kp"~1) < 0,
k < 0 the universe is considered to represent the phantom universe.

This document is structured as subsequent sections: In Section 2 Field equations of these met-
rics are obtained by Bianchi type-V metric in the existence of a perfect fluid with the polytropic
EoS parameter in Lyra’s Geometry. Section 3 is dedicated to solution of the model. Section 4
is devoted to the physical and geometric properties of the model. Section 5 — exact solution of
the model.

1. Metric and field equations
Since Bianchi models are spatially homogeneous and anisotropic and are more appropriate

for describing the universe because it has less symmetry than do standard FRW models. So, we
considered here Bianchi type-V cosmological model.

ds* = dt* — A%da® — B?e " dy* — C?e **d2* (2)
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where A(t), B(t) and C(t) are the three anisotropic directions of expansion in normal three-
dimensional space.
The average scale factor a(t), the spatial volume V and the average Hubble’s parameter are

a(t) = (ABC)3 (3)
V =a® = ABC (4)
1
H= g(H1+H2+H3 (5)
A B
Here,H1:Z7H2:§andH1:6.

1% A B C

V <A+B+C>—3H (6)

The Einstein modified the filed equation in normal gauge for Lyra’s modified equation is given
by (where 871G =1,C =1)

R} - %Q{R'f' B@qﬁj - im(b’“gf] =T/ (7)
¢i = (8(1),0,0,0) (8)

where ¢; is the displacement vector Let T;; be the energy- momentum tensor of the matter [9].
Additionally, N
T =0 9)

The energy momentum tensor 7;;
Tij = (p + p) uiuj — pgij (10)

where p is the energy density, p is the pressure and v’ is the four velocity vectors satisfying
giju'u’ = 1. The above perfect fluid obeys the polytropic equation of state.

p=oap+kp" with k<0 (11)

The conservation equation TIJJ = 0 leads to

A B ¢
+(p+p)<A B C)—O (12)
Using Eq. (11) and Eq. (12), we have
p+3Hp(l+a+kp" 1)=0 (13)

We considered the case here for the phantom universe is (1 + a + kp" 1) <0, k < 0 [23], where
—1 < a < 1, k is the polytropic constant and n is the polytropic index. Moreover conservation
of the L.H.S of Eq. (7) leads to

3 kil _
Rl — §ng+ {2@'(?7 - *¢k¢ } (14)
sbz[ ¢ +¢'TY ]+ sbj[%’ — ol ”} %gqﬁ Bﬂ +o'T ] ¢’“{ i — ol ] 0 (15)
Eq. (10) leads to
3 . 3,(A B C
2BB+ 58 <A+B+O> 0 (16)
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2. Solution and model

In a co-moving coordinate system, by Eqs. (7) and (10) we have

% ﬁgﬁg;% —p (20)
o

Integrating Eq. (21), we obtain
A% = BC (22)
Without loss of generality, subtracting (17) from (18) and (18) from (19) and taking the second

integral of each, we obtain the following three relations.

A A
5= clef %dt, — = czef Hat and ol c3e’ a (23)

where ¢y, ¢a, ¢3,dy,dy and ds are constants of integration. Since, a (t) = (ABC’)%, by Eq. (17)
and Eqgs. (23) we obtain

A(t) = liae(m T o7%4) Bty = lyae(m2 S o 7%d) O (t) = 13ae(ms [ o dt) (24)
where I = (dydg)?, my = ;:kz, I = % g = 8 5 B = (dada)™F, my = Uﬁ; k2)
The constants m1, mo, m3 and [y, 12,13 Will1 satisfy these two conditions:

mi+mo+mg =0 and lll3 =1 (25)
Using Eq. (22) in Egs. (24), we obtain
Lh=1 I,= 13_1 = ki(say), my1 =0, mg = —mg = ka(say) (26)

By using Eq. (26) in Egs. (25), we have

A{t)=a(t), B(t)=kua(t).elk2/ @) oy = ?.J—W (a(t)dt) (27)

By using Eq. (27) in Egs. (2) we have
k -34¢)]? a(t) (—& —san)]”
ds? — dt? — a2da® — [kla(t).e( 2 [(a(t))2dt) e 2 dy? — [k'e(_ 2 [(a(t)~2dt) | 22,2 (28)
1

This represents the Bianchi type-V cosmological model with an average scale factor.
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3. Physical and geometric properties

Solve the differential equation Eq. (13) in case of (1 + a + kp"~1!) <0, k < 0, represents the
phantom universe, where the density increases with the radius. We obtain density, average scale
factor and pressure as follows

1

1+« n-T
p= |:a3(1+a)(n1) — k] for 14+ a)>0 (29)
14 3(14a)(n—1)
a(t) = [pn_tly + k} (30)
1 n
14+« =1 1+a o
P =a [a—3(1+0‘)(”—1) — k] +k [a_3(1+a)(n_1) — k] (31)

Clearly, p (t)  [a(t)]® indicates that the universe is considered to be the phantom universe.

(32)

w(t)=p=a+k{

14+« ]
p

a—3(+a)(n—1) _

When (1+a) > 0 or @ > —1 and k < 0, the EoS parameter w (t) < —1 representing the
model is the phantom universe, which leads to no Big Rip singularity. Solving Eq. (16) for the
displacement vector 3(t), we have

B(t) = ca™ (33)
¢ is the integration constant Considering c=1 and substituting a(t) = 8~'/3(¢) in egs. (28), (31)

and (32), we have
1
1+« (%)
p= {5<1+a><n_1> - k] (34)

p:a{Ho‘ ](HII)M[HQ)_IJWJ (35)

B(lJra)(nfl) —k /8(14»04)(7171
14+«
2 2
d? (k2 [ B(t)dt) (—k2 [ Bt)dt)
ds? = dt* — ;E — kl.eli 22 dy? — 671 e~ 22 (37)
B3 (1) B3 (t) ki3 (t)
1
Since, p(t) o [a(t)]® and p(t) 30 it can be described with this displacement vector §(t) in
the late universe. Since the p increases with respect to a(t) the universe accelerating rapidly. At
n = —1, the analytical model of phantom universe represents bouncing universe "disappearing"

at t=0.

4. Exact solutions of the model

The significance of the hyperbolic function as an exponential component is that the derived
deceleration parameter demonstrates time dependence, highlighting that the universe’s is in the
acceleration phase. Therefore, opting for this average scale factor is deemed physically acceptable.
Consider an average scale factor a(t) as by [26]

ol

a (t) = (sin ht) (38)
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Therefore, by Eqgs. (32) and (35)
A(t) = (sinht)3 .

1

B(t) = k1 (sin ht)® (cot ht — cosec ht)k"’

(sint)? (cot ht — cosec ht)*2

C(t) = .

Substituting Eqgs. (38)—(41) in Eq. (2) we get

[ 2
ds® = dt® — t3ida® — {(sin ht)% (cot ht — cosec ht)]”} e 20 dy? —

- [(Sin ht)3 (cot ht — cosec ht)*2

2
" ] e2%dz2,

This represents the field equation of the Bianchi type-V cosmological model with polytropic EoS

parameter in Lyra’s geometry which is in phantom era.

We obtain the spatial volume V(t), density (p), pressure (p), EoS parameter w (¢), Hubble’s
parameter H(t), energy density parameter Q(t), scalar expansion 6(t), deceleration parameter

q (t), anisotropy parameter, and shear scalar for the model are

V (t) = a® = sin ht.

1+ (=)
P ) (n—1)
(sin ht) —k

e l+a (n—l)+k l+a (+27)
(sin ht)(Ho‘)("_l) —k (sin ht)(Ho‘)(n_l) —k

(nil)
14+«
wt)=a+k-
(sin ht) T =D _ k‘]
H(t) = cot ht
P { <1jof< ) ]ﬁ
(sin ht)(IF+e)(n=1) _f
Q)= — =
®) 3H 3cot ht

6 (t) =3H = 3cot ht

d (1
q(t)=— (H) —1=sech®—1

2
Ap=t(— 2 )
3 \ cot ht - sin ht

2
o? = L
sin ht

(43)

(44)

(45)

(46)

(47)

(48)
(49)

(50)

(51)

(52)

Here, we can note that spatial volume is zero for t=0 and that the scalar expansion is infinite,
which is the big bang scenario. Additionally pressure (p), density (p), Hubble’s(H) and shear
scalar (o) diverge in the early universe. As ¢t — oo increases the, volume becomes infinity where
the pressure (p), density (p), Hubble parameter (H) and shear scalar (o) approach zero. Since,

lim; oo = constant represents the anisotropic nature of the model.

02
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Volume V v/s Cosmic time t displacement vector B(t) v/s average scale
factor a(t)
3 ;
1‘ A
e(t)
w(t)
a(® a(t) i
density p v/s average scale factor a(t) EoS parameter w (t) p v/s average scale
factor a(t)
Conclusion

In this paper, we studied the Bianchi type-V cosmological model in the presence of a perfect
fluid with polytropic equation of state. We considered a this case (1 +a + kp"~ 1) < 0, k <0
representing that the model of the universe is phantom stage with increasing density with respect
to average scale factor. We observe that the spatial volume is zero for t=0 and that the scalar
expansion is infinite, which shows that the universe starts evolving with zero volume at t=0
which is the big bang scenario. We also, observed in this model that as time increases, the

: 1
volume increases and becomes infinitely large ¢ — co. Clearly, p (t)  [a (t)]® and p(t) o 30 $

indicates that the universe is considered to be the phantom universe, where the density increases
with the radius (average scale factor). Moreover pressure increases with respect to the scale
factor. The EoS parameter w (t) < —1 representing the model is the phantom universe and
leads to no Big Rip singularity. When n = —1 this is the analytical model of the phantom

bouncing universe "disappearing" at t=0. lim;_, 9% = constant indicates that this model is an
anisotropic model.
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CyiecTBoBaHE KOCMOJIOTTYECKOTO (panToMa Tnna BbhaHkm
C TIOJINTPOITHBIM MMapaMeTPOM yPaBHEHUsI COCTOSTHUS

B reomeTpun JIupbl

Cypbsanapasna Kopny
Pamxamaxantu CaHTukymap
A. Jlaknmvana Pao

M. Pamanamyprtn

I1. Cynxup Kymap

K. Curxapam

Bb. [InBba

WMucturyT Texuonoruit nu meremxmenta Anureu K. Kortypo
Tekkamu, [Ipukaxynam-532201, Auaxpa-IIpagem, Nnaus

AwnnHoTtaiusi. dta paboTa MCCIeLyeT KOCMOJIOIMYecKy o Moesb Bianchi Type-V ¢ B pamkax obieii Teo-
pUM OTHOCUTEIBLHOCTH, B KOTOPOH €CTh HeabHasl XKUJIKOCTh, YIIPaBJseMasl TOJUTPOITNYECKUM YpaBHe-
HUEM B IeOMETPHU, BhIPAXKEHHOH p = ap + kp™, Kak npeijoxeno B citens. Mbl paccMoTpenu cirydait,
upezcrasisomuit panTomMuyto Beesennyo i (1 4+ o + k p"il) < 0, k£ <0, Tne p yBenm4IuBaeTcs C
paguycom a(t). Bouia mosygena posib reomerpun JIupsr;

KuaroueBbie ciioBa: yCKOPEHHOE PACIIHPEHUE, MOJUTPOIMHYECKOE YPABHEHHE COCTOSHWS, WIeabHAast
KUIKOCTh, (paHTOMHAsI BCeJieHHAas1, TeoMeTpus JIupsr.
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