Gurukul International Multidisciplinary

Research Journal (GIMR])with SR e-ISSN No. 2394-8426

International Impact Factor 8.357 / Monthly Issue
Peer Reviewed Journal MAY-2025

https://doi.org/10.69758/GIMRJ/250515VXIIIP0019 Issue-V, Volume-XIII

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T R R R Y

Plane symmetry Universe with Holographic Dark energy in Lyra
Geometry

V.G.Mete!, P.B.Murade?, G.B. Tayade’,
"Department of Mathematics, RDIK, Amravati (444701), INDIA.
?Department of Applied Science, PRMIT&R, Amravati (444701), INDIA.

SDepartment of Applied Science, Sipna College of Engineering, Amravati, (444607), INDIA.
le-mail: vimete5622@gmail.com
2e-mail: pratikshamurade@gmail.com
3e-mail: gayatritayade@gmail..com

Abstract:This paper deals with the plane symmetric cosmological model filled with interacting Dark
matter and Holographic dark energy in Lyra geometry. To get the solutions of the field equations, we

-1
consider the scalar factor of the form a =—+¢>, r>1. The physical and geometrical aspects of the
t

model are studied in detail.
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1 Introduction:

Therecent cosmological observations of Type la supemovae (SNela) [1-2] indicate that the universe is
currently accelerating. These results, when combined with the observations of cosmic microwave
background (CMB) []3-4] and large scale structure (LSS) [5-6] strongly suggest that the universe is
spatially flat and dominated by an exotic component with large neg -ative pressure called as dark energy
(DE) [7-9]. Wilkinson Microwave Anisotropy Probe (WMAP) shows that dark energy occupies about 73
% of the energy of our universe and dark matter occupies about 23 % whereas the baryon matter occupies
only about 4 % of the total energy of the universe.

There are many candidates for dark energy namely the quintessence scalar field models [10], the phantom
field [11], K-essence [12], tachyon field [13], quintom [14], the dark energy models including Chaplygin
gas [15] and so on. Recently, Bamba et al. [16] have reviewed different dark energy cosmologies
(isotropic) with early deceleration and late time acceleration. They have studied f(R)gravity,
f(R,T)gravity, f(T)gravity, Scalar field theory, Holographic dark energy, coupled dark energy and ACDM
cosmological models representing the acceler- ating expansion with the quintessence/phantom nature in
details along with Cosmography tests. Among the many different approaches to describe the dark
cosmological sector, so called holographic dark energy models have received considerable attention[17-
18]. According to the holographic principle, the number of degrees of freedom in a bounded system
should be finite and related to the area of its boundary [19]. Based on this principle, a field theoretical
relation between a short distance (ultraviolet) cutoff and a long distance (infrared) cutoff was established
[17]. This relation ensures that the energy in a box of size L. does not exceed the energy of a black hole of
the same size. Applied to the dynamics of the Universe, L has to be a cosmological length scale. Different
choices of this cutoff scale result in different dark energy models. If one identifies L with the Hubble
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radius H'!, the resulting dark energy density, corre sponding to the ultra-violet cutoff, will be close to the
ob served effective cosmological constant. Li [ 18] has subsequently shown the possibilities of the particle
and the event horizons as the IR cutoff length and he found that apparently only a future event horizon
cutoff can give a viable dark energy model. However, afterwards it was recognized, that a cutoff at the
Hubble scale may well result in a realistic cosmological dynamics provided only, that an interaction in the
dark sector is admitted [20]. Holographic dark energy models have been tested and constrained by various
astronomical observations [21]. Aspecial class are models in which holographic DE is allowed to interact
with DM [22-26]. Recently, Sarkar [27-29] have studied non-interacting holographic dark energy with
linearly varying deceleration parameter in Bianchi type-I and V universe and interacting holographic dark
energy in Bianchi type-II respectively.

The restriction of general relativity in giving satisfactory explanation of evolution of phase of the universe
has been led cosmologists to acquire various hypothesis as well as study their inference in this context.
These hypothesis contain those allocating i) the time-dependence of the cosmological term and the
gravitational constant ii) other physical or geometrical field with the universe iii) modified theories of
gravity. Such theories are expected to disclose a number of aspects of physical and mathematical interests
associated with them. To generalize the objective of geometrizing the gravitation, to involve an
electromagnetism’s geometrical description, many researchers have used their effects as the Einstein’s
theory of GR has based on the geometrical description of gravitation. Weyl [30] had suggested a new kind
of gauge theory which includes a metric tensor to geometrize the gravitation and the electromagnetism.
Lyra [31] putforword a geometry, called as Lyra geometry, which is nothing but the modification of
Riemannian geometry in which gauge function having structureless manifold is presented, as a result of
which the cosmological constant appears naturally from the geometry. Sen and Dunn [32] and Sen [33]
developed a new scalar tensor-theory based on Lyra geometry and similar to Einstein theory of GR. Using
constant displacement vector, cosmological model based on Lyra geometry was studied by Soleng [34].
Gad [35] presented an axially symmetric cosmological mesonic stiff fluid model in Lyra’s geometry.
Adhav [36] studied LRS Bianchi type-I universe with anisotropic dark energy cosmological model with
early deceleration as well as late-time acceleration in Lyra geometry. Pradhan and Singh [37] studied
anisotropic Bianchi type-I string cosmological model in normal gauge for Lyra geometry with constant
deceleration parameter. Shri Ram [38] investigated a Kantowski-Sachs universe with anisotropic dark
energy in Lyra geometry.

From above discussion, in this paper we studied, the plane symmetric cosmological model filled with
interacting Dark matter and Holographic dark energy in Lyra geometry. To get the solutions of the field

. . -1 . .
equations, we consider the scalar factor of the form @ = — +¢°, r>1. The physical and geometrical
4

aspects of the model are studied in detail.
2. Metric and Field Equations:
We consider the plane symmetric metric in the form as
ds® =dt*> — A*(dx* +dy*) - B’dz" (1)
where A and B are the scale factors and functions of the cosmic time ¢ only .
The field equation in normal gauge for Lyra geometry is given by Sen [47] as

1 3 1 a m e
Rz’j _ERgij +E(¢i¢j _Egij¢a¢ J: Tij+d Tij > (2)
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where R, is the Ricci tensor, R is the Ricci scalar, @, refers to the time-varying displacement field vector,

1

which is defined as,
¢, =(0,0,0,5), 3)

where £ is called the displacement vector.
The energy-momentum tensor for cold dark matter and Holographic dark energy are given by

Ty =Py Uy (4)

and AT@/ =(p, + pA)uiu_/ —&8;Py> %)
together with gi_/uiu-/ =1, where u' is the flow vector of the fluid, p,, 1s the energy density of dark

matter and p,, p, are the energy density and pressure of holographic dark energy respectively.
Using the co-moving co-ordinate system, the non-vanishing components of * Tl’ can be obtained as
MY = pys A EAT =T = -y AT/ =0fori# j. (6)

The field equations (2) for metric (1), with the help of equations (3) for (6) can be written as

A B AB 3

A s = )

A B AB 4

2A A2

Ll =, 8

A Az IB pA )
A*> 24B 3

_+—_— + , 9

_ﬁﬁ 35° ( : _JzQ. (10)

where overhead dot () represents derivative with respect to time ¢.

Further we assume that the interaction between two perfect fluid, dark matter (pressureless) and
holographic dark energy. We consider exchange of energy between these components in such matter that
continuity equations for holographic dark energy and dark matter are given by

"
pﬁ(;}om =0, (11)

pA +(%J(1+WA)pA = _Q~ (12)

The equation of state parameter (EoS) for holographic dark energy is given by w, = Pa . The quantity
A

QO > 0 denotes the interaction between the dark energy components. Wetterich [10]introduced models
featuring an interacting matter-dark energy and first used by Horvat [39] alongside the holographic dark
energy. Although this expression for interacting term may looks purely phenomenological. Continuity
equation (11) and (12) imply that the interacting term ( Q) should be proportional to a quantity with unit

of inverse time i.e. Q oc % This occurred due to choosing H and Q term and is motivated purely by
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mathematical simplicity. To form energy density, any combination of dark matter and dark energy can be
expressed phenomenological in form such as [40-41].

O =3b’Hp, =b2;pm, (13)

whereb? is coupling constant. To avoid the coincidence problem, Cai and Wang [42] considered same
relation for interacting phantom dark energy and dark matter.

2
pm = pOV(b W > (14)
where p, > 0 is a real constant of integration.

Using equations (13) and (14), we get the interacting term as
0=3pbHV ™. (15)
3. Cosmological Solutions:

Here, we have given four equations (7)-(10) in six variables 4, B, p,, p,,p, » [ . Hence to obtain the

solutions from these system of equations, one extra condition is required. Therefore, we consider scale
factor of the form
a=-1t+t>, (16)

which leads to the variable deceleration parameter.
Recently, scale factor of the form (16) is used by Pradhan [43], to discuss dark energy model with
anisotropic fluid in Bianchi type-V/, space-time. The relation (16) is also used by Pradhan et. al. [44], to
study Bianchi type-I cosmological model in scalar tensor theory of gravitation. The aim of choosing such
scalar factor is that the universe is accelerating phase at present as well as decelerating expansion in past.
Also, the transition redshift from decelerating expansion to accelerated expansion is about 0.5. So, in
general, the decelerating parameter is not a constant but variable. By above choice of scalar factor yields a
time dependent DP
Subtracting equation (7) from equation (8), we obtain

A B 4 A

———+—-—=0. (17)

d(4 B) (4 BV

—|———=|+|———=1]—=0. (18)

After solving equation (18), we can write the metric functions A and B explicitly as

-1

A= 62“3(7 + tzjex ([— log(¢* +¢ + 1)]+ 2log(1—#)+2+/3 tan™! (2i/i1)D, (19)

3
s —1 -2
B=c, 2/3(7 + t2jexp( 1 ([— log(t* +1t+ 1)]+ 2log(1-1) + 2\/§tan*1(2t i I)D, (20)

=

G
18

18 NE

wherec, >0 and c, are real constants of integration.

The solution of equation (10) using equations (19), (20) is given by
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f=——"— 21
(~Vt+1*) D
The volume is defined and obtained as
3
1
V=4 :[_;HZJ . (22) The mean Hubble

parameter is defined and obtained as
1V 20 +1
H=—-—=— .
3Vt -1)
Using equation (22) in equations (14) and (15), we get the energy density of dark matter and the
interacting term as

(23)

P = PN+, o4
0= bzpo(zt—ﬂ)(— Ye+e2) o, (25)
()

Using equations (19), (20) and (24) in the equation (9), we obtain the energy density of holographic dark
energy as

2
320+ (¢ [—2¢—1} 2 3 y a5 3c?
=3 — ; ; —p,(Yt+?yY " ——————— (26
P 2@ -1 8\ +r+1]) =1 24241 PV 4(—1/t+t2)6( )

Using equations (19), (20) in the linear combination of equations (7)-(8), we obtain the pressure of

holographic dark energy as

P [—21—1 203 Woaff-a1], 2 3 \er+
P S ST RS APECRENC TS ) BT | PaRPERY NPRCR Iy P
cl[212+2t+1 2 61 j 3

o\l @+t (=1 P+l MY+

27)

The EoS parameter of holographic dark energy is given by
Py

Pa

4 @2+’ [eof —2u-17 2 3 e[ -u-1] 2 3 \(@2F +))
T2 T 2.3 it Er et LR el 2 Tt 3
A N ()] 18\ ¢t +¢t+1] -1 ¢ +2t+1 18\ ¢" +¢t+1] -1 ¢ +2t+1)t(t -1
o2 +2+1 26— | 3¢
@ +t+1)> =) (@ +2+1) =VYt+1*)° . (28)

9
320 +1° fe ([ ~2-17 2 3 Y s 32
A | e (Y1412

t_

2 -1’ 18\ £ +1+1 2 +2t+1 A=Vt+1*)°

Wy =

The coincidence parameter is the ratio of two energies density i.e. the ratio of dark matter energy density
to the dark energy density is given by
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7= Pu
Pa
_ Dy (=171 +£2)¥D
vy =
2
3026 +1) Ha [—2t—1} 2 . 3 (U Y 3¢?
@ -0 U8\ +e+1] -1 242141 ’ 4=1t+17)°
(29)
The anisotropy parameter is defined and given by
S(H,-HY 4t
) e P = Teaeerel 60)
3\ H 3 —1)*(1+21%)
The deceleration parameter (g )is defined and given by
d(1 2(6° -1)°
q:—[—j—1:(3—)2. (31)
dit\ H 213 +1)
The expansion Scalar (&) is defined and given by
1+2¢°
0=3H = 3((j—t1)) . (32)
(-

4 Statefinder Diagnostic

For the purpose of describing the current cosmic acceleration, several models of dark energy have
been suggested by many authors. It is important to differentiate these various dark energy models. So, a
new pair called as statefinder diagnostic pair {r,s}has been introduced by Sahni et al. [45]. The
parameters » and S depend on @ (scale factor) and are dimensionless, so {r, s} is a geometric diagnostic.
The Statefinder parameter {r,s}is defined as,

a r—1

o ™ T3 12 - (33)
Sahni and his co-workers are in large to allow curved universe models with the help of statefinder
parameter, can be distinguish between various form of DE. For example phantom, chaplygin gas and

=

quintessence models approach to ACDM {r,s}, .., = {10} . Trajectories of chaplygin gas models lie in

the regionss < 0,7 >1whereas in the region § >0, 7 <1 trajectories of phantom and quintessence model
lie.
The s-r plane containing trajectories which corresponds to other cosmological models show

qualitatively different behaviors. A fixed point {r,s}| rconr = 11,0} shown in the fig. 6 corresponds to flat

ACDM model. A good way which is provided for demonstration of ‘distance’ of this model from
ACDM , depart a given dark energy model from the fixed point [46]. For differentiation amongst a large
variety of the DE models including quintessence, cosmological constant, the Chaplygin gas, interacting
dark energy models and braneworld models, the statefinder may prove to be successful tool [47].

Here we obtain the statefinder parameter as
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, s4-90% 13 <!
eét _1 eét _1 e t e t
r=55-90——/——+36 ” , 8= NRT:
e ¢ 2,18 . (34)
2 e

S. Discussion

1. The deceleration parameter (g ): - The sign of g denotes whether the model inflates or not. A positive
sign of ¢ indicates the decelerating model whereas the negative sign of g denotes accelerating model.
Recent observational data suggest that the universe is in phase of accelerating expansion. The
evolution of the decelerating parameter is as shown in fig. 1. It clearly indicates that our model is in
accelerating phase. As t — 0, g — —2 and after some time ¢ — 0.5 and remain as it is for long time

P N q
0.5

-0.5
-1
-1.5
2
-2.5
3
-3.5
4
45

Fig. 1:- The deceleration parameter (g ) v/s time (¢)
2. The anisotropy parameter of the expansion (A ): - The dynamical behavior of the anisotropic
parameter is as shown in fig. 2. It is observed that the anisotropy parameter A — 0 as ¢ — Oi.e. the
model is isotropy for initial time. After some time, A — o0 i.e. model convert to anisotropy.

45T

&+

<

Fig. 2:- The anisotropic parameter (A) v/s time (¢)
3. The EoS parameter (W, ): - Fig. 3 indicates thatt — 0, w, —> 00 As time increases W,
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starts from phantom region. After some finite time, it approaches to W, =—1(i.e.
cosmological constant ( A )), which denotes that our model reduces to ACDM . Then, it

enters into quintessence region (—1 < w, <—1/3) for further time#, whichmatches with

the present-day cosmological observation. In fig. 3, red line denotes thegraph of w, .
P N

0.5
W, t

—=
0¥ 090%0%0%0 %Y 26 70% %0 %% %%0%0%% %%

_— Z

Fig: 3- The EoS parameter (W, ) v/s time (#)

4. The displacement vector ( £ ):-The evolution of displacement vector ( ) is as shown in fig. 4.
The present value of the displacement vector is positive. It is observe that ast =0,  — o0 and
ast —> o0, [ — 0 for late time. So, Lyra geometry is physically meaningful for finite time, but
for very large time it is converted to general relativity (GR).

Fig. 4:- The displacement vector ( ) v/s time ()
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5. The statefinder parameter:-Figure 5 shows the evolving trajectory of this scenario in the s-r plane
which is quite different from those of other dark energy models. We hope that the future high
precision observations will be capable of determining these statefinder parameters and
consequently explore the nature of dark energy

5

Fig. 5:-The statefinder parameter 7 v/s §

6. Conclusion
In the present paper, we have studied the plane symmetric cosmological model filled with interacting
Dark matter and Holographic dark energy in Lyra geometry.To get the solutions of the field equations, we

-1
consider the scalar factor of the form @ = — + ¢, £>1. The decelerating parameter (gq) is dynamical and
t

attain value— 0.5, shows that model is accelerating.The model is isotropy for initial time and then
converted to anisotropy as the anisotropy parameter tends to infinity. It is found that EoS parameter of
holographic dark energy starts from phantom region and remains in quintessence region for late time. It is
also seen that, Lyra geometry is physically meaningful for finite time, but for very large time it is
converted to general relativity. The statefinder parameter {r, s} has calculated in order to differentiate our
model with all other models of DE.

References:

. Riess, A.G., et al.: Astron. J. 116, 1009 (1998). astro-ph/9805201

. Perlmutter, S., et al.: Astrophys. J. 517, 565 (1999). astro-ph/9812133

. Bennett, C.L., et al.: Astrophys. J. Suppl. 148, 1 (2003). astro-ph/ 0302207

. Spergel, D.N., et al.: Astrophys. J. Suppl. 148, 175 (2003).

. Tegmark, M., et al.: Phys. Rev. D 69, 103501 (2004a). astro-ph/ 0310723

. Tegmark, M., et al.: Astrophys. J. 606, 702 (2004b).

. Weinberg, S.: Rev. Mod. Phys. 61, 1 (1989)

. Carroll, S.M.: Living Rev. Relativ. 4, 1 (2001).

. Padmanabhan, T.: Phys. Rep. 380, 235 (2003).

10. Wetterich, C.: Nucl. Phys. B 302, 668 (1988)

Quarterly Journal Peer Reviewed Journal ISSN No. 2394-8426 Page 103
Indexed Journal Referred Journal http://www.gurukuljournal.com/

O 0 3 &N L B W N —



Gurukul International Multidisciplinary

Research Journal (GIMR])with AR e-ISSN No. 2394-8426

International Impact Factor 8.357 / Monthly Issue
Peer Reviewed Journal MAY-2025

https://doi.org/10.69758/GIMRJ/250515VXIIIP0019 Issue-V, Volume-XIII

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T R R R Y

11. Caldwell, R.R.: Phys. Lett. B 545, 23 (2002).

12. Armendariz-Picon, C., et al.: Phys. Rev. Lett. 85, 4438 (2000).

13. Padmanabhan, T., Chaudhury, T.R.: Phys. Rev. D 66, 081301 (2002).

14. Anisimov, A., Babichev, E., Vikman, A.: J. Cosmol. Astropart. Phys. 06, 006 (2005).
15. Bento, M.C., Bertolami, O., Sen, A.A.: Phys. Rev. D 66, 043507 (2002).

16. Bamba, K., et al.: Astrophys. Space Sci. 342(1), 155 (2012).

17. Cohen, A.G., Kaplan, D.B., Nelson, A.E.: Phys. Rev. Lett. 82,4971 (1999).
18. Li,M.:Phys.Lett.B603, 1 (2004).

19. Hooft, G.: gr-qc/9310026 (1995)

20. Pavon, D., Zimdahl, W.: Phys. Lett. B 628, 206 (2005).

21. Zhang, X., Wu, F.Q.: Phys. Rev. D 72, 043524 (2005).

22. Wang, B., Gong, Y.G., Abdalla, E.: Phys. Lett. B 624, 141 (2005).

23. Wang, B,, Lin, C.Y., Abdalla, C.Y.: Phys. Lett. B 637, 357 (2006).

24. Zimdahl, W., Pavon, D.: Class. Quantum Gravity 24, 5641 (2007).

25. Setare, M.R.: Phys. Lett. B 642, 1 (2006).

26. Setare, M.R.: Phys. Lett. B 644, 99 (2007).

27. Sarkar, S.: Astrophys. Space Sci. 349(2), 985 (2014a).

28. Sarkar, S.: Astrophys. Space Sci. (2014b).

29. Sarkar, S.: Astrophys. Space Sci. 350(2), 821 (2014c).

30. WeylLH.Mathem Zeitschrift. 2, 384 (1918).

31. Lyra,G.Mathem Zeitschrift. 54,52 (1951).

32. Sen, D.K., Dunn, K.A. J. Math. Phys. 12578 (197).

33. Sen,D.K.Zeitschrift for Physics A. 149 311 (1957).

34. Soleng, H. H. Astrophys. Space Sci. 139 13 (1987).

35. Gad, R.M. Can. J. Phys. 89, 773 (2011).

36. Adhav,K.S. Int. J. Astron. Astrophys. 1204 (2011).

37. Pradhan, A., Singh, A.K. Int. J. Theor. Phys. 50, 916 (2011).

38. Ram, S., Chandel,S.,Verma, M.K. Can. J. Phys. 93, 1100 (2015).

39. Horvat, R.: Phys. Rev. D 70, 087301 (2004).

40. Amendola, L., et al.: Phys. Rev. D 75, 083506 (2007).

41. Guo, Z.K., Ohta, N., Tsujikawa, S.: Phys. Rev. D 76, 023508 (2007).

42. Cai, R.G., Wang, A.: J. Cosmol. Astropart. Phys. 0503, 002 (2005).

43. Pradhan, A.Res. Astron. Astrophys. 13(2013)139

44. Pradhan, A., Singh, A. K., Amirhashchi, H. Int. J. Theo. Phys 51 (2012) 3769
45, Sahni, V., Saini, T.D., Starobinsky, A.A., Alam, U.: JETP Lett. 77, 201 (2003)
46. Alam, U., et al.: Mon. Not. R. Astron. Soc. 344, 1057 (2003).

47. Gorini, V., Kamenshchik, A., Moschella, U.: Phys. Rev. D 67, 063509 (2003).

N N N N N N N E N N N E R E N EE N EE N EE o rrr

Quarterly Journal Peer Reviewed Journal ISSN No. 2394-8426 Page 104
Indexed Journal Referred Journal http://www.gurukuljournal.com/



