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FRW Universe in R? Gravity
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Abstract

We investigate a model of the Friedmann Robertson Walker metric (FRW) universe governed by
hybrid expansion law (HEL) a = t* ¢/ in R? gravity. By Applying, energy and stability conditions in
derived model, we check its physical viability. This model is based on f (R, T) =f (R) + f (T); f (R) =R
+ aR? and f (T) = T and we have assumed T = 3p > 0. It is important to note that our model gives the
current universe observable properties, including acceleration, without introducing dark energy or
the cosmological constant. The following are some key features of the resulting model: Throughout
the expansion of the cosmos, the jerk parameter has a positive sign, but the deceleration parameter
has a negative sign. The current universe’s late-time acceleration is confirmed by this. Finally, we
may say that f (R, T) gravity can give a considerable amount of information. There is no need for dark
energy or the cosmological constant in a cosmic scenario with late time acceleration. As a
consequence, one may argue that f (R) = R + aR? is a dark energy model alternative that must be
considered when defining the universe. We also discuss the jerk, lerk and snap parameters.

Keywords: R? gravity, accelerating universe.

INTRODUCTION

The accumulating astronomical evidence over the last two decades has shown without any
reasonable doubt that the expansion of the universe is speeding up. The data includes the finding of
the fading of distant Supernovae, measurements of the angular variations of the CMB radiation, and
the age of the universe [1]. While the models suggested in [2-4] are stable [5], they have another
problematic trait in that they need evolution from a solitary state in the past in a cosmic scenario [6].
In addition, it was discovered in references [7, 8] that in the existence of matter, a singularity may
develop in the future if the matter density grows with time; such a future singularity is inevitable,
independent of the beginning circumstances, and is attained in a period which is considerably shorter
than the cosmic one. Several scenarios (phantom cosmology, quintessence models., etc.) are possible
in the normal Friedmann cosmology, in which the energy density falls with time, but not in models
[2—4], as demonstrated in ref. [8]. This claim stands in stark contrast to previous works [9]. As of right
now, there are around 10° articles on the subject of changed gravity; as a result, it is challenging to list
many noteworthy works. As a refresher, one may look at the books that were referenced [10-12].

Adding an R*term to the action, which precludes the solitary behaviour in both the past and the
future, solves the aforementioned issues. While other factors have been incorporated to create the
accelerated expansion in the modern cosmos, we
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when calculating the expected value of the matter's energy-momentum tensor against a curved
backdrop. Some theories postulate an exponential (inflationary) expansion of the cosmos in the very
early universe without requiring phase transitions, such as the Starobinsky model [14].

The shift to a Friedmann-like universe occurs during the warming caused by gravitational particle
creation from scalaron oscillations. For example, see refs. [15-17] for extensive discussions of these
model properties. Several papers [18] explored the gravitational dynamics of the universe at the fourth
order. A similar investigation was conducted using a version of huge Brans-Dicke (BD) theory in
which the kinetic component is removed (i.e., the BD parameter is set to w = 0) in ref. [19]. While the
fluctuating behaviour seen in the Hubble parameter and curvature is similar to that discovered in our
study (and previously in many others), the quantitative aspects are substantially different. Radiative
corrections not only produce R*terms, but also R, R""-terms, which include the Ricci tensor squared.
However, such radiatively generated terms are often fairly tiny in size. Since the characteristic mass
parameter is on the order of the Planck mass in both situations, this scenario is not very relevant to the
applications we will be discussing in the next sections. However, R*> cosmology (without R»R"Y)
with considerably bigger magnitude of R? than the natural value from radiative corrections has been
proposed in the literature. In order to create a model that may, for example, eliminate singularities, an
ad hoc assumption of big R? terms is established. We adhere to the tenets of those writings. However,
it could be instructive to investigate the effects of more intricate models including R? and R R"Y

variables. Possible research directions include looking at this.

Despite the fact that f (R) theories have been examined at cosmic sizes to describe the accelerated
expansion of the universe, they should also be verified at lower scales, namely at the astrophysical
level. As a result, it’s critical to look at the physical properties of compact stars within the context of f
(R) gravity theories. The Starobinsky model [20], which is given by f (R) = R + aR?, is one of the
simplest variations of general theory of relativity in the strong gravity domain. The structure can be
investigated by using two perturbative approaches [21-26] (here, f (R) is regarded a minor disturbance
from General Relativity GR, compact stars can be found and non-perturbative [27-30]. The
gravitational mass (constructed on the star’s surface) decreases with term a, according to both
perturbative and nonperturbative approaches. Although a "gravitational sphere" develops beyond the
star in a non-perturbative way, the astrophysical mass (as computed by distant observers) of compact
stars grows with a [31, 32] for a study of the many definitions of mass in R? gravity. The introduction
is effective with a bonus, draw mass-radius diagrams for neutron and quark stars in equilibrium. We
know that the lowest normal-mode frequency of any physical condition must be real in order for it to
be stable [33].

THE METRIC AND FIELD EQUATIONS
The Metric and f (R, T) =f (R) + f (T); f (R) =R + aR? f (T) = T, Gravity

The FRW space-time is written as follows:

ds? = —c?dt? + a?(t)(dx? + dy? + dz?) (1)

Here, the scaling factor is represented by a(t), and it is a function of only t. By simply subtracting
the Einstein-Hilbert action from the action representing this version of General Relativity, the action
characterising this modification of General Relativity is obtained. R is exchanged for a generic
nonlinear function [34-36]

[d*x/—gf(R) Si, (2)

Where Gn and Sm are the Newton’s constant and the action for the matter fields. In this work we
follow this metric conformity [37, 38]), according to action (2) the metric tensor and yield the
modified Einstein equations:

c4
161 Gp

S =
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fR(R)Ruv -3 guva _vpvv fr+ guvaR = kTJIr;l 3)

here Ty, is the energy momentum tensor for matter field, fz(R) is derivative of f(R) with respect to
R that is fR(R) = d f(R)/dR, is shows the covariant derivative and o =V V¥ is the d’Alembert

operator in the curved spacetime. The dynamics of R for a given matter source are determined by the
trace of the above equation

3frR(R) + Rfr(R) = 2fr(R) = 8m G,T™ (4)
The Einstein field equations can be written as

. .2 . weew
2§+ % - 6%(5(14 —12aa%d + a?a? + 4aad + 2a?'d’) = —Bp (5)

a? a .. ‘s . 29
3;—18;((12(12 + 2aad — 5a* + 2aa?d) = 8np + 2 — Bp (6)
We can define the Hubble’s parameter (H) in the term of scale factor

_a
H=2 (7)
Applying the hybrid expansion law
a = t%ht (8)

where « and J are constants.
PHYSICAL BEHAVIOR OF THE MODEL
After the solving field equations, the density p expression is

t2a—36a%—t2a?+48a3 —t*B-2t3af+36ta?f+o6tad f—t*B2+48t2a2 B2 —eth t2+% (q+tB)?

p= 41 t* (9)

The Ricci scalar can be defined as

R=6H + 16H2 (10)
R=6t2(a(=1+ 2a) + 4tap + 2t%?) (11)
R _ —2a(—1+2a)+ 2t (12)

R t(2aZ+2t2B2+a(—1+4pt)

JARK, SNAP AND LARK PARAMETERS

Because the jerk parameter has a third order derivative of scale factor with respect to time, it is a
kinematical term that measures the expansion rate of the cosmos more precisely than the Hubble
parameter. A positive jerk parameter accelerates the expansion of the cosmos [39, 40]. Figure shows
that the developed model evolves with positive jerk parameter values that are not equal to 1.

The jerk parameter (J) for FRW model is given by [41, 42]

H(2)

1 2 [H@P
242 (1+72) (13)

[H(2)]?

where H(z) and H(z) represents the first and second order derivative of H(z) with respect to z
respectively.

J=1-(1+2)

Jerk, Snap and Lerk parameters are

_ a(2-3a-3tp)
J=1+ (a+tp)3
S=1+ 3a(—2+a) + 8a  6a

(a+tp)* (a+tB)®  (a+tp)?

© STM Journals 2023. All Rights Reserved S77



FRW Universe in R? Gravity Lokesh Kumar Sharma

a(4(6-5a)+15(—2+a)(a+Lt)+20(a+Lt)?—10(a+L1)3)
(a+tpB)s

Figure 1 Shows the variation of density and jerk parameter with respect to time.

L=1+

Figure 2 Shows the variation of Ricci scalar and snap parameter with respect to time. Both figures
are shows the accelerating expansion of the universe.
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Figure 1. (a) 0 = 0.5 & p=0.2 (b) = 0.5 & B = 0.2.
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Figure 2. (a) 0 = 0.5 & p=0.2 (b) a = 0.5 & p = 0.2.

CONCLUSIONS

We looked at the most basic model of acceleration in this work. We have taken the functional form
f (R) = R + aR? to fit the universe into the framework of the f (R, T) theory of gravity. It is important
to note that our model gives the current universe’s observable properties, including acceleration,
without introducing dark energy or the cosmological constant. The following are some key features of
the resulting model: Throughout the expansion of the cosmos, the jerk parameter has a positive sign,
but the deceleration parameter has a negative sign. The current universe’s late-time acceleration is
confirmed by this. Finally, we may say that f (R, T) gravity can give a considerable amount of
information. There is no need for dark energy or the cosmological constant in a cosmic scenario with
late time acceleration. As a consequence, one may argue that f (R) = R + aR? is a dark energy model
alternative that must be considered when defining the universe.

REFERENCES
1. K. Nakamura et al. Particle Data Group. J. Phys. G 2010;37, p 075021.

© STM Journals 2023. All Rights Reserved S78



Journal of Polymer & Composites
Volume 11, Special Issue 7
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Starobinsky, Alexei A. "Disappearing cosmological constant in f (R) gravity." JETP letters 86
(2007): 157-163.

Hu, Wayne, and Ignacy Sawicki. "Models of f (R) cosmic acceleration that evade solar system
tests." Physical Review D 76.6 (2007): 064004.

Appleby, Stephen A., and Richard A. Battye. "Do consistent F (R) models mimic general
relativity plus A?." Physics Letters B 654.1-2 (2007): 7-12.

Dolgov, Alexander D., and Masahiro Kawasaki. "Can modified gravity explain accelerated
cosmic expansion?” Physics Letters B 573 (2003): 1-4.

Appleby, Stephen A., and Richard A. Battye. "Aspects of cosmological expansion in F (R) gravity
models." Journal of Cosmology and Astroparticle Physics 2008.05 (2008): 019.

Frolov, Andrei V. "Singularity problem with f (R) models for dark energy." Physical review
letters 101.6 (2008): 061103.

Arbuzova, E. V., and A. D. Dolgov. "Explosive phenomena in modified gravity." Physics Letters
B 700.5 (2011): 289-293.

Nojiri, Shin’ichi, and Sergei D. Odintsov. "Future evolution and finite-time singularities in F (R)
gravity unifying inflation and cosmic acceleration.” Physical Review D 78.4 (2008): 046006.
Appleby, Stephen A., Richard A. Battye, and Alexei A. Starobinsky. "Curing singularities in
cosmological evolution of F (R) gravity." Journal of Cosmology and Astroparticle Physics
2010.06 (2010): 005.

Nojiri, Shin’ichi, and Sergei D. Odintsov. "Unified cosmic history in modified gravity: from F (R)
theory to Lorentz non-invariant models." Physics Reports 505.2-4 (2011): 59-144.

Clifton, Timothy, et al. "Modified gravity and cosmology." Physics reports 513.1-3 (2012): 1-
189.

Gurovich, V. T. S., and A. A. Starobinskii. "Quantum effects and regular cosmological models."
Zhurnal Eksperimental'noi i Teoreticheskoi Fiziki 77 (1979): 1683-1700.

Starobinsky, Alexei A. "A new type of isotropic cosmological models without singularity."
Physics Letters B 91.1 (1980): 99-102.

Vilenkin, Alexander. "Classical and quantum cosmology of the Starobinsky inflationary model."
Physical Review D 32.10 (1985): 2511.

Miji¢, Milan B., Michael S. Morris, and Wai-Mo Suen. "The R 2 cosmology: inflation without a
phase transition." Physical Review D 34.10 (1986): 2934.

Suen, Wai-Mo, and Paul R. Anderson. "Reheating in the higher-derivative inflationary models."
Physical Review D 35.10 (1987): 2940.

Carloni, S., P. K. S. Dunsby, and A. Troisi. "Cosmological dynamics of fourth order gravity."
arXiv preprint arXiv:0906.1998 (2009).

Davidson, Aharon. "Rippled cosmological dark matter from a damped oscillating Newton
constant.” Classical and Quantum Gravity 22.6 (2005): 11109.

Starobinsky, Alexei A. "A new type of isotropic cosmological models without singularity."
Physics Letters B 91.1 (1980): 99-102.

Cooney, Alan, Simon DeDeo, and Dimitrios Psaltis. "Neutron stars in f (R) gravity with
perturbative constraints.” Physical Review D 82.6 (2010): 064033.

Arapoglu, Savas, Cemsinan Deliduman, and K. Yavuz Eksi. "Constraints on perturbative f (R)
gravity via neutron stars.” Journal of Cosmology and Astroparticle Physics 2011.07 (2011): 020.
Orellana, Mariana, et al. "Structure of neutron stars in-squared gravity." General Relativity and
Gravitation 45.4 (2013): 771-783.

Astashenok, Artyom V., Salvatore Capozziello, and Sergei D. Odintsov. "Further stable neutron
star models from f (R) gravity." Journal of Cosmology and Astroparticle Physics 2013.12 (2013):
040.

Alavirad, Hamzeh, and Joel M. Weller. "Modified gravity with logarithmic curvature corrections
and the structure of relativistic stars." Physical Review D 88.12 (2013): 124034.

Astashenok, Artyom V., Salvatore Capozziello, and Sergei D. Odintsov. "Extreme neutron stars
from Extended Theories of Gravity." Journal of Cosmology and Astroparticle Physics 2015.01

© STM Journals 2023. All Rights Reserved S79



FRW Universe in R? Gravity Lokesh Kumar Sharma

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2015): 001.

Yazadjiev, Stoytcho S., et al. "Non-perturbative and self-consistent models of neutron stars in R-
squared gravity." Journal of Cosmology and Astroparticle Physics 2014.06 (2014): 003.

Ganguly, Apratim, et al. "Neutron stars in the Starobinsky model." Physical Review D 89.6
(2014): 064019.

Astashenok, Artyom V., Salvatore Capozziello, and Sergei D. Odintsov. "Nonperturbative models
of quark stars in f (R) gravity." Physics Letters B 742 (2015): 160-166.

Astashenok, Artyom V., Sergei D. Odintsov, and Alvaro De la Cruz-Dombriz. "The realistic
models of relativistic stars in f (R)= R+ aR2 gravity." Classical and Quantum Gravity 34.20
(2017): 205008.

Shisa, Fulvio, et al. "Neutron star masses in R2-gravity." Physics of the Dark Universe 27 (2020):
100411.

Shisa, Fulvio, Oliver F. Piattella, and Sergio E. Joras. "Pressure effects in the weak-field limit of f
(R)=R+ a R 2 gravity." Physical Review D 99.10 (2019): 104046.

Glendenning, Norman K. Compact stars: Nuclear physics, particle physics and general relativity.
Springer Science & Business Media, 2012,

Sotiriou, Thomas P., and Valerio Faraoni. "f (R) theories of gravity." Reviews of Modern Physics
82.1 (2010): 451.

De Felice, Antonio, and Shinji Tsujikawa. "f (R) theories.” Living Reviews in Relativity 13.1
(2010): 1-161.

Nojiri, Shin’ichi, and Sergei D. Odintsov. "Unified cosmic history in modified gravity: from F (R)
theory to Lorentz non-invariant models." Physics Reports 505.2-4 (2011): 59-144.

Nojiri, Sh, S. D. Odintsov, and VK3683913 Oikonomou. "Modified gravity theories on a nutshell:
Inflation, bounce and late-time evolution." Physics Reports 692 (2017): 1-104.

Sotiriou, Thomas P., and Valerio Faraoni. "f (R) theories of gravity." Reviews of Modern Physics
82.1 (2010): 451.

De Felice, Antonio, and Shinji Tsujikawa. "f (R) theories." Living Reviews in Relativity 13.1
(2010): 1-161.

Visser, Matt. "Cosmography: Cosmology without the Einstein equations.” General Relativity and
Gravitation 37 (2005): 1541-1548.

Visser, Matt. "Jerk, snap and the cosmological equation of state." Classical and Quantum Gravity
21.11 (2004): 2603.

Nagpal, Ritika, et al. "Cosmological aspects of a hyperbolic solution in f (R, T) gravity." Annals
of Physics 405 (2019): 234-255.

© STM Journals 2023. All Rights Reserved S80



