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A locally rotationally symmetric Bianchi-I model filled with strange quark matter (SQM) is explored in f(R, L;,) gravity as a non-linear
functional of the form f(R, Lm)=§ + L3, where « is the free model parameter. We considered the special law of variation of Hubble’s
parameter proposed by Berman (1983) and also used the power law relation between the scale factors to obtain the exact solution of
the field equation, which matches the model of the universe. We also analyze the physical and geometrical aspects of the universe’s
kinematic and dynamic behavior. Additionally, we employ equation-of-state (EoS) parameters and statefinder parameters as analytical
tools to gain insights into the evolution of the universe. We use the ACDM model as a benchmark to validate the results. By placing the
deviations of the universe from ACDM model and yet making important contributions to the study of the anisotropic nature of f(R, Lm)
gravity within the framework of cosmological dynamics, the paper increases our comprehension of our cosmic evolution.
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1. INTRODUCTION

Over the last twenty years, plenty of cosmological investigations have come out to suggest that we are living in an
accelerated growth phase of the universe. Strong evidence from Type Ia supernovae [1, 2, 3], which are crucial probes
of cosmic distances and expansion rates, supports this fast expansion. Moreover, studies on Baryon Acoustic Oscillations
(BAO) [4, 5], Wilkinson Microwave Anisotropy Probe [6], the large-scale structure of the universe [7, 8], assessments
of galaxy redshifts [9], and examinations of the cosmic microwave background radiation (CMBR) [10, 11] all provide
convincing empirical proof for this phenomenon. Collectively, these several lines of evidence indicate the impressive fact
that two mysterious substances, referred to as dark matter (DM) and dark energy (DE) with negative pressure, constitute
95% of the total universe [12]. Dark energy is thought to be the driving force causing the expanding universe’s noticeable
accelerated expansion, while dark matter, a substance that is gravitationally effective but unable to produce light, interacts
mostly through gravitational forces. The enormous significance of these mysterious components for determining the
evolution and fate of our universe is brought into focus by the convergence of universe facts.

Numerous theoretical descriptions of this acceleration have been suggested in the literature. The concept of dark
energy is basically associated with the rapid acceleration of the universe. It can be understood in two different ways. The
first one argues that the universe is currently expanding not due to the gravitation force but because of the existence of an
unknown force with a negative pressure higher than that of gravitation, and this force is called "dark energy” (DE). The
literature proposes time-varying dark energy models such as quintessence [13], k-essence [14, 15], and even the perfect
fluid models, especially the Chaplygin gas model [16, 17] as a solution to this problem. Interpreting spacetime’s geometry
is the second tactic for explaining the universe’s acceleration. The left-hand side of the Einstein equation can be changed
for this purpose. Modified theories of gravity are the alteration of the Einstein-Hilbert action of general relativity to reach
the acceleration of the universe. These theories are geometric extensions of relativity by Einstein. Among the recent
developments, cosmologists have been detecting dark energy through the modified gravity theories as an explanation. It
is argued that dark energy would be the product of introducing a modification to the force of gravity. Various scientific
evidence shows that modified versions of gravity theories are likely to be the reasons for the acceleration of the universe at
the early and late stages, forming a consistent picture of the universe. Hence, there are many reasons to search for theories
that extend beyond general relativity, and the theories of gravity need to be revised. In the literature, there are several
modified theories that have been proposed. A few of the modified theories consist of f(R) gravity, the modification of
general relativity by introducing an arbitrary function of the Ricci scalar (R) into the gravitational action [18],the f(R,T)
theory, an extension of f(R) gravity coupled with the trace of energy-momentum tensor 7' [19], f(G) theory where G
is the Gauss-Bonnet invariant [20, 21, 22], f(R, G) theory [23, 24], f(T) gravity [25, 26, 27], f(Q,T) theory [28] and
f(R, Ly,) gravity [29].

The f(R, L,,) gravity [29, 30] is a theory that is based on general relativity, attaching additional terms to the action
that are dependent on matter density Lagrangian (L,,) and the Ricci scalar (R), respectively. It is an attempt to overcome

Cite as: P. Bolke, V. Patil, S. Waghmare, N. Mahajan, East Eur. J. Phys. 3, 45 (2024), https://doi.org/10.26565/2312-4334-2024-3-05
© P. Bolke, V. Patil, S. Waghmare, N. Mahajan, 2024; CC BY 4.0 license


https://periodicals.karazin.ua/eejp/index
https://doi.org/10.26565/2312-4334-2024-3-05
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0000-0002-1212-5260
https://orcid.org/0000-0002-0442-3962
https://orcid.org/0000-0001-5316-0540
https://orcid.org/0009-0008-3929-5869
mailto:mrpravin.bolke@gmail.com
https://doi.org/10.26565/2312-4334-2024-3-05

46
EEJP. 3 (2024) Pravin Bolke, et al.

the arising issues of general relativity and observation, such as the need for dark matter and dark energy to explain
universe occurrences. This function f(R, L,,) is likely to be required for several theoretical reasons, such as resolving the
cosmological constant puzzle, broadcasting the universe’s accelerated expansion, or offering an alternative explanation
for gravitational incidents observed at the universe scales. Researchers [31] derived the energy condition and Dolgov-
Kawasaki (DK) instability criterion [32] in f(R, Lm) gravity and provided the highly versatile energy requirements that can
reduce commonly accepted energy conditions found in f(R) theories of gravity and general relativity with any connection
between matter and geometry, non-minimal connection, and non-coupling. Geometry-matter couplings in the presence of
scalar fields were discussed in [33]. Kasner-type static, cylindrically symmetric interior string solutions in the f (R, L,,)
theory of modified gravity are studied [34]. Some of the researchers discussed various cosmological models [35, 36] and
phenomenon of gravitational baryogenesis [37] in f(R, Lm) gravity. Kavya et al. [38] have discussed the anisotropic
cosmological model in f(R, L,,) gravity. The universe’s accelerating scenarios [39] and warmhole solution [40] have all
been investigated recently.

The LRS Bianchi-type I cosmological model is a homogeneous and anisotropic cosmological solution to Einstein’s
field equations. It specifies a spatially homogeneous universe that allows anisotropic expansion since it experiences
different rates of expansion along distinct spatial directions. This model has been extensively studied in the context of both
general relativity (GR) and modified gravity theories to understand its implications and test the viability of such theories
against observations. Yadav et al. [41] have studied the LRS Bianchi / bulk viscous cosmological model in f(R,T)
gravity. Interacting two fluid dark energy radiating cosmological models [42] and power-exponential law models [43] have
been investigated in f(R) gravity. Later on, several researchers [44, 45, 46] discussed the various cosmological aspects of
the LRS Bianchi type I cosmological model in f(R,T) gravity. Recently, Solanke et al.[47] investigated the LRS Bianchi
type-I cosmological model in the f(Q, T) theory of gravity with observational constraints.

This research paper emphasizes the exploration of an exact solution for the LRS Bianchi Type I space-time within the
framework of f(R, L,,) gravity, Hubble’s law, and incorporating the presence of strange quark matter (SQM). The study
aims to advance understanding regarding the universe’s dynamics and properties within this gravitational framework. The
article is organized as follows: The basic field equation and detailed review of f(R, L,,) modified gravity, including the
metric and energy momentum tensor, are given in Sections 2 and 3. Moving to Section 4, efforts are directed to find
the exact solution of the f(R, L,,) cosmological model. The subsequent Sections, 5 and 6, covered the details about the
strange quark model and some physical parameters respectively, within the framework of the discussed modified gravity
theory. The important analytical tool statefinder parameters are discussed in Section 7. The figures and conclusion are
summarized in sections 8 and 9.

2. BASIC FIELD EQUATIONS IN f(R, L,,) GRAVITY

The action integral for the framework of f(R, L,,) interpreted with the matter Lagrangian density L, and the Ricci
scalar R is given as,

S = /f(R,Lm)\/—_gdx“, (1)

where f(R, L,,) is arbitrary function of Ricci scalar R and matter Lagrangian L,,.
By contracting the Ricci tensor R,,,,, one may get the Ricci scalar R,

R = gYRy )
where, the Ricci tensor is defined by,
Rij = =0T} +6,0} -T, I+, 3)

Here ng represents the components of well-known Levi-Civita connection defined by

re = Loaa(%8y 9815 08y
By 2 SxB - sxy oxt

“)
The corresponding field equations of f(R, L,,) gravity are obtained by varying the action (1) for metric g;; is given by,
fr (R, L) Rij + (8i;V'V: = ViV;) fr (R, L)
3 [F RoL) = fry R L) Ll g5 = 52 (R L) T )
Where, fr(R,L,,) = %&L’"), fr.. (R, L) = %”]n"") Here covariant derivative is represented by V; and the energy
momentum tensor 7;; can be expressed as,

2 6(v=gLm) SLom
Tij = —(———77— =8ijLm— @
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Now, from the explicit form of the field equation (5), the covariant divergence of Energy momentum tensor 7;; can be
obtained as,

) ) oL,
VT = 2Vin|[fy,, (R.Ly)] gl (M

The relation between the trace of energy momentum-tensor 7', Ricci scalar R, and the Lagrangian density of the matter
L,, obtained by contracting the field equation (5)

frR (R, L) R+3V;V' fr (R,Ly) =2 [f (R,Lm) — f1,, (R, L) L] =

1
3L (R, L) T ®)

The relation between the trace of the energy momentum tensor 7 = T[, L,,, and R can be established by taking account of
the previously mentioned equation.

3. METRIC AND FIELD EQUATION IN f(R, L,,,) GRAVITY
The spatially homogeneous and anisotropic LRS Bianchi type  spacetime can be written in the form of,

A = —d? + L2de® + M? (dy2 + dzz) )

Where L and M are the metric potential that are the functions of cosmic time ¢ only.
The Ricci scalar for LRS Bianchi - I spacetime can be expressed as

R = —2[%+2%+2%+g—2] (10)
The overhead dot (.) denotes the derivative with respect to time ¢. The spatial volume V of the universe is defined as
Vv = LM? (11)
The generalized mean Hubble parameter (H), which describes the space-time expansion rate, can be stated as
H = %(H1+H2+H3) (12)

where Hy, H,, H3 are the directional Hubble’s parameters in the direction of the x-, y-, and z-axes, respectively. In order
to figure out whether the models approach isotropy or not, we define the expansion’s anisotropy parameter as

1< (Hi—H\
A = 321(T) (13)

The expansion scalar and shear scalar are defined as follows:

. M
0 = u,==+2— (14)
M

3
o EHZAm (15)

Let us take the matter that contains the energy momentum tensor for quark matter, which is of the form

N , .
/tanark) (p +p)u'u; + pg! = diag (—p, p, p, p) (16)

where p = p, + B, is a quark matter total energy density, p = p, — B, is the quark matter total pressure, and u; is the
four-velocity vector such that u;u’ = —1.
The EoS parameter for quark matter is defined as,

Pg = wpg, 0<w<] 17
The linear equation of state for strange quark matter is provided by

p = w(p-po) (18)



48
EEJP. 3 (2024) Pravin Bolke, et al.

where w is constant and py is the energy density at zero pressure. When w = and po = 4B, in the bag model, strange
quark matter changes the above linear equation of state to the one that follows EoS
-4B
_ (p . c) (19)

where B, is the bag constant.
By using the help of equation (16), the field equation (5) can be translated into the action of metric (10) in the co-moving
coordinate system as,

L LM M, 1
- (Z + 2LM) R=5 (f S Lm) = 2 /R=Jr = 5L, (pq — Bc) (20)
_(M+M2 LM)fR—-(f fLwLm) = (LJ'M)fR Jr = 3 fin g = Be) @D
Loy, Loy ., i
B (Z +2M) S =5 (F = frulm) - (Z +2M) Jr=Jr = =3 Jin(pq+Be) .

4. COSMOLOGICAL f(R, L,,) MODEL

In the present study,to examine the dynamics of the cosmological model in f(R, L,,) gravity, we use the relation
between R and L, [38]

R
FRLn) = 3+Lj (23)
where « # 0 is a parameter and one can retain GR for @ = 1.

For this particular f(R, L,,) model, we have to consider L,, = p [48]
Using the above particular choice of L,,, the field equations (20),(21) and (22) becomes,

M M? @ a-1
2M+W_(1_a) (pq+Bc) = a'(pq"'Bc) (pq_Bc) (24)
L M IMm 1
Z+M+W‘(1 @) (pg +Bc)” = aa(pg+Bo)" (pg— Be) (25)
M?* LM @
e + 2m = (1-2a)(pg+Be) (26)

The field equations (24), (25) and (26) are three independent differential equations with four unknowns: L, M, p,, and
pq- Hence, to determine solutions, we have to use physically plausible conditions.

Berman [49] indicate that there exists a connection between the deceleration parameter as well as the average scale
factor given as,

q9 = —— 27

1
Here, a is the average scale factor with a = (LM 2) * and q is the deceleration parameter. If we use Hubble’s law and relate
Hubble’s parameter H to the average scale factor a then we get a constant value of the deceleration parameter g.

Hence the Hubble’s law gives,

H = ba™ (28)

where b and m are constants.Also, Hubble’s parameter (12) can be written as

1 (L M a
H - §(Z+2M)_5 (29)

Using equation (29), we can re-write equation (28) as

i@ = ba ™! (30)
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Using the equations (28), (29), and (30) in (27), we get
g = -m+l 31)

This equation demonstrates that the deceleration parameter is going to stay constant, whatever its significance, and
regardless of whether the value is positive or negative. The standard deceleration model is indicated by positive values of
the deceleration parameters. Negative numbers, on the other hand, lead the model to accelerate or lead to inflation. on
solving the equation (28) with the help of equation (29), we get

a = (ct+d)at,q#-1 (32)
considering that d is the integration constant and ¢ # 0.Using equation (??) and LM? = a>, we can obtain,
LM? = (ct+d)a g+ -1 (33)

In order to obtain a favorable solution to the field equations, we have to consider the constraining equation. Here we
presume the anisotropic relation can be written in terms of expansion scalar () and shear scalar (o-)as,

ool
With reference to the scale factors L and M, the above assumption leads to the following anisotropic relation:
L = MF (34)

where k # 1 is an arbitrary constant. The model becomes isotropic if k = 1, indicating that the distribution of matter in
the universe is homogeneous; otherwise, it turns out to be anisotropic.
Using the equation (34), equation (33) implies that

L = (ct+d) @@y (35)

M = (ct+d) @@ (36)

Equations (35) and (36) indicate that the model’s metric potentials L and M are time-dependent functions that rise with
time at ¢ > —1, k # —2 and fall with time at ¢ < —1, k # —2; they also do not exist at ¢ = —1 or k = —2. Moreover, it is
important to note that for ¢ > —1, k # -2, these parameters begin at a constant value, but at the point ¢ = —g, they start at
zero, indicating that the model exhibits point-type singularity at that point.

Thus, the metric (9) with the help of equations (35) and (36) can be written as,

ds? = —di® + (ct +d) @ T @ + (ct + d) @HED (dy2 +d2?) (37)

Equation (37) represents the homogeneous anisotropic plane symmetric cosmological model with quark and strange quark
matter in the framework of f(R, L,,) gravity. The model increases with time for the constants g < —1, k # —2 and has a
singularity at the point ¢ = —%’

5. STRANGE QUARK MATTER FOR COSMOLOGICAL MODEL

From the equations (25) and (26), with the help of metric potential, the energy density and pressure of strange quark
matter are given as,

9(1 +2k)c? @
p = 3 3 3 (38)
(1-2a)(g+1)*(k+2)*(ct +d)
9c2(1+2k)!~@ g
+ —d @
p = D c(+20) (39)
(1 =2a)(g+1)2(k+2)%(ct + d)?
where, D = [(2(1/—1)q+(2—4(x)]k2+[3q(2a—31()1+6(a/—1)]k+[2(2af—1)q+((x—2)]
Using the above equations, the pressure and energy density of the quark matter as follows:
9(1 + 2k)c? @
= - B, 40
Pa [(1—2a/)(q+1)2(k+2)2(ct+d)2 0
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9¢2(1 + 2k)1-« @
pq = D 3 3 5 B, (41)
(1 -2a)(qg+1)*(k+2)*(ct+d)
Using the equations (38) and (39), the equation of state (EoS) for strange quark matter and quark matter are given as
D
= = 42
(1+2k) (42)
9c? (1+2k)1-@ w
D [ c(1+ ] +B,
(1-2a) (g+1)2(k+2)2(ct+d)? c
wg = ; (43)
9(1+2k)c? a B
(1-2a) (g+1)2(k+2)2(ct+d)? c
6. SOME PHYSICAL PARAMETERS
The spatial volume V of the universe is given as
V = (ct+ d)ﬁ (44)
The spatial volume of the universe increases with increasing cosmic time, starting with a constant value at ¢ = 0 and with
a big bang at t = —%. As a result of this approach, inflation. This illustrates that the universe begins to evolve at zero
volume and grows over cosmic time. The mean generalized Hubble’s parameter (29) of the model is given by
= —° (45)

(g+1)(ct+4d)
The expansion scalar of the model turns out to be
3c
= — - 46
(g+1)(ct+d) (46)

At the initial stage, both the Hubble’s parameter and the expansion scalar are constant and approach zero steadily at t —

co,butats = —% both are infinitely large. The mean anisotropic parameter of the model is given as
2k? — 4k +2
Ap = —————— 47
" k2 +4k +4 “7)

The shear scalar of the model is represented as

32 kr-2k+1 1 48)
(g D2 K2+ 4k +4 (ct+d)?
The shear scalar, the scalar expansion, and the Hubble parameter are all the functions of time that are rapidly decreasing
with the increase of cosmic time and getting closer to zero in the later stages. This fact reveals that in the earliest stages of
the universe, the rate of expansion was very high for a while, but gradually it became slower. This shows that the evolution
of the universe starts at an infinite rate, but with expansion, it declines.

7. STATEFINDER PARAMETERS

The so-called cosmic acceleration may arise from a quite wide range of dark energy models, many of which are

distinguishable by the utilization of the statefinder diagnostic tool. It is a model-free way of quantifying the dark energy

intrinsic properties of higher derivatives to the scale factor. Through employing the cosmic statefinder diagnostic fiction

pair {r,s}, the technique permits research to investigate dark energy properties, free of any particular models. The
statefinder parameters are defined as [50, 51].

1 & r—1
= (a), s= PN
3(g-3

aH? dr3
Identifying between different cosmological domains is mostly dependent on the paths in the {r,s} plane. For example,
in the {r, s} plane, the ACDM model is characterized by the point (r = 1, s = 0), Standard Cold Dark Matter is for (r =
1,s = 1), and the holographic DE model is represented by (r = 1,5 = %). The phantom region is associated with (r >
1,s < 0), and the quintessence region is identified by (r < 1,s > 0). with the help of equations (32), (44) and (45), the
equation (49) becomes

(49)

2
{r.s} = {2¢*+q, 3@+ D} (50)

We can see that for a given model, ¢, r, s are constant. For different values of ¢, we have different expansion factors, which
can be analyzed in the following Table 1.
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Table 1. Description of Models

q r s  Type of Model
05 1 1 SCDM
05 0 % quintessence
-1 1 0 A1 CDM
-2 6 —% Phantom
8. FIGURES

In this section, in order to gain a deeper insight into our cosmological model, let us plot different physical and
dynamic parameters against cosmic time.
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Figure 1. The Variation of Spatial volume (V) (left) and Hubble’s parameter (H) (right) as a function of cosmic time (t)
are shown. V,H and ¢ are in arbitrary units. To derive above plot we have used c = d = 1.

* The graph of volume against cosmic time is increasing in nature (Fig. 1(a)), and that of the Hubble parameter H is
a decreasing function of cosmic time (¢) in the positive region (Fig. 1(b)). From it, we collect important insights
about the expansion of the universe. This observation serves as a necessary foundation for our understanding of the
universe’s dynamics.
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Figure 2. Variation of Expansion scalar (8) (left) and Shear scalar (%) (right) as a function of cosmic time (t) are shown.
6,02 and ¢ are in arbitrary units. To derive above plot we have used ¢ = d = 1.

* We found that the expansion scalar (Fig. 2(a)) and shear scalar (Fig. 2(b)) are the diminishing functions of cosmic
time (7).
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Figure 3. Variations of energy density of strange quark matter(p) (left) and quark matter(p,) (right) as a function of
cosmic time (t) for ¢ < —1. All quantities are in arbitrary units. These plots are derived usingc =d = B, = 1,k = 2.

* The energy density of strange quark matter (p) and quark matter (p,) both appear constant at the initial stage and
becomes infinite as ¢ tends to infinity, as shown in Fig. 3.
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Figure 4. Variations of pressure of strange quark matter(p) and quark matter(p,) as a function of cosmic time (t) for g <
—1. All quantities are in arbitrary units. These plots are derived using c =d = B, = 1,k = 2.

* The pressure of strange quark matter (p) and quark matter (p,,), both decreasing functions of time, remains negative

throughout the evolution, as shown in Fig. 4.
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Figure 5. Variations of energy density of strange quark matter (o) and quark matter (o) as a function of cosmic time (t)
for g > —1. All quantities are in arbitrary units.These plots are derived usingc =d = B, = 1,k = 2.

9. CONCLUSIONS

In this article, we explore an accelerating model of the universe in the context of the f(R, L,,) theory of gravity as a
non-linear functional of the form f(R, Lm)=§ + L;,, where a is the free model parameter. Utilizing a unique formulation
of the deceleration parameter, we derive cosmological solutions that closely resemble the characteristics of the dark
energy-driven ACDM model. We assumed a power law relation between the scale factors. We also considered the special
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law of variation of Hubble’s parameter proposed by Berman (1983), which yields the constant deceleration parameter.The
findings of the research are very interesting and ultimately result in the following conclusions:

Around ¢ = 0, the metric potentials L and M are constant, and then both vanish. This brings one to the conclusion
that the model exhibits an initial singularity at t = —%. As aresult, similar to the standard Big Bang theory, the values of
L and M increase steadily over time. At a singular point, the model is similar to the work of [52]. We discovered that the
spatial volume (V'), expansion scalar (6), shear scalar (o-2), and mean Hubble’s parameter (H) are all functions of cosmic
time (7). These parameters tend to zero as ¢ tends to infinity (# — o), but they diverge with the exception of spatial volume

[

when cosmic time approaches ¢ = —%, as shown in Fig.(1) and Fig.(2) The spatial volume (V) of the model is zero when

cosmic time is ¢ = —‘EI. Depending on the value of g we have the following two cases:

case(i)when g < —1: The proposed model starts expanding with the Big Bang singularity at ¢t = —%. Att =0,
both the pressure p and energy density p of strange quark matter are constant, and at t+ — oo, both p and p become
infinite, as shown in Fig. 3(a) and Fig. 4(a). The pressure of strange quark matter (p) and quark matter (p4), both
decreasing functions of time, remains negative throughout the evolution. Negative pressure (p) and (p,) corresponds
to the accelerating expansion of the universe. Also, the pressure p, and energy density p, for quark matter behave the
same as for strange quark matter. The shift in the p values than that of p, is due to the additional term of bag constant in
equation (40). In this study, we chose the bag constant as unity, as shown in Fig. 3(b) and Fig. 4(b).

case (ii) when g > —1: At cosmic time ¢t = 0, the proposed model has constant volume, which increases with an
increase in time and becomes infinite at t — oo. At ¢ = 0, energy density p of strange quark matter are constant, and at
t — oo, it become infinite, as shown in Fig. 5(a) and Fig. 5(b).The energy and pressure profiles for quark and strange
quark matter are the same except from the extra bag constant. The bag constant is subtracted for energy density and added
for the pressure of quarks.

For @ < 0, equations (38) to (41) give the real value of pressure and energy density for quark matter and strange quark
matter (SQM), and values turn out to be complex for @ > 0. The anisotropic parameter A,, is nonzero for k # 1 provided
k # -2, and in such a case, the model does not approach isotropy, but for k = 1 provided k # —2, the mean anisotropic
parameter is zero, and the model becomes isotropic. Moreover, the mean anisotropic parameter (A,,) remains constant
throughout the evolution of the universe as it is independent of the cosmic time (#). Regarding the current statefinder
parameters, the value {r, s}={1, 0} generated by our investigation is in the same line with the A\CDM model, which is very
close to the recent data [53, 54]

ORCID

Pravin Bolke, https://orcid.org/0000-0002-1212-5260; @ Vasudeo Patil, https://orcid.org/0000-0002-0442-3962;
Sachin Waghmare, https://orcid.org/0000-0001-5316-0540; © Neha Mahajan, https://orcid.org/0009-0008-3929-5869

REFERENCES

[1] A.G. Riess, A.V. Filippenko, P. Challis, A. Clocchiatti, A. Diercks, P.M Garnavich, R.L. Gilliland, et al., ”Observational evidence
from supernovae for an accelerating universe and a cosmological constant,” The astronomical journal, 116(3), 1009 (1998).
https://doi.org/10.1086/300499

[2] S. Perlmutter, G. Aldering, G. Goldhaber, R.A. Knop, P. Nugent, P.G. Castro, S. Deustua, et al., "Measurements of w and A from
42 high-redshift supernovae,” The Astrophysical Journal, 517(2), 565 (1999). https://doi.org/10.1086/307221

[3] A.G.Riess, L.-G. Strolger, J. Tonry, S. Casertano, H.C. Ferguson, B. Mobasher, P. Challis, ez al., "Type ia supernova discoveries at
z;, 1 from the hubble space telescope: Evidence for past deceleration and constraints on dark energy evolution,” The Astrophysical
Journal, 607(2), 665 (2004). https://doi.org/10.1086/383612

[4] D.J. Eisenstein, I. Zehavi, D.W. Hogg, R. Scoccimarro, M.R. Blanton, R.C. Nichol, R. Scranton, et al., ”Detection of the baryon
acoustic peak in the large-scale correlation function of sdss luminous red galaxies,” The Astrophysical Journal, 633(2), 560 (2005).
https://doi.org/10.1086/466512

[5S] WJ. Percival, B.A. Reid, D.J. Eisenstein, N.A. Bahcall, T. Budavari, J.A. Frieman, M. Fukugita, et al., ”"Baryon acoustic
oscillations in the sloan digital sky survey data release 7 galaxy sample,” Monthly Notices of the Royal Astronomical Society,
401(4), 2148-2168 (2010). https://doi.org/10.1111/j.1365-2966.2009.15812.x

[6] D.N. Spergel, L. Verde, H.V. Peiris, E. Komatsu, M.R. Nolta, C.L. Bennett, M. Halpern, et al., "First-year wilkinson microwave
anisotropy probe (wmap)* observations: determination of cosmological parameters,” The Astrophysical Journal Supplement
Series, 148(1), 175 2003. https://doi.org/10.1086/377226

[7] T.Koivisto, and D. F Mota, "Dark energy anisotropic stress and large scale structure formation,” Physical Review D, 73(8), 083502
(2006). https://doi.org/10.1103/PhysRevD.73.083502

[8] S.F. Daniel, R.R. Caldwell, A. Cooray, and A. Melchiorri, ”Large scale structure as a probe of gravitational slip,” Physical Review
D, 77(10), 103513 (2008). https://doi.org/10.1103/PhysRevD.77.103513


https://orcid.org/0000-0002-1212-5260
https://orcid.org/0000-0002-0442-3962
https://orcid.org/0000-0001-5316-0540
https://orcid.org/0009-0008-3929-5869
https://doi.org/10.1086/300499
https://doi.org/10.1086/307221
https://doi.org/10.1086/383612
https://doi.org/10.1086/466512
https://doi.org/10.1111/j.1365-2966.2009.15812.x
https://doi.org/10.1086/377226
https://doi.org/10.1103/PhysRevD.73.083502
https://doi.org/10.1103/PhysRevD.77.103513

54
EEJP. 3 (2024) Pravin Bolke, et al.

(9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

M. Colless, G. Dalton, S. Maddox, W. Sutherland, P. Norberg, S. Cole, J. Bland-Hawthorn, ez al., ”The 2df galaxy redshift survey:
spectra and redshifts,” Monthly Notices of the Royal Astronomical Society, 328(4), 1039—1063 (2001). https://doi.org/10.1046/].
1365-8711.2001.04902.x

C.L. Bennett, M. Bay, M. Halpern, G. Hinshaw, C. Jackson, N. Jarosik, A. Kogut, et al., "The microwave anisotropy probe*
mission,” The Astrophysical Journal, 583(1), 1 (2003). https://doi.org/10.1086/345346

R.R. Caldwell, and M. Doran, ”"Cosmic microwave background and supernova constraints on quintessence: concordance regions
and target models,” Physical Review D, 69(10), 103517 (2004). https://doi.org/10.1103/PhysRevD.69.103517

B. Clegg, Dark matter and dark energy: the hidden 95 of the universe, (Icon Books, 2019).

T. Chiba, T. Okabe, and M. Yamaguchi, “Kinetically driven quintessence,” Physical Review D, 62(2), 023511 (2000). https:
//doi.org/10.1103/PhysRevD.62.023511

C. Armendariz-Picon, V. Mukhanov, and P.J. Steinhardt, ”Dynamical solution to the problem of a small cosmological constant
and late-time cosmic acceleration,” Physical Review Letters, 85(21), 4438 (2000). https://doi.org/10.1103/PhysRevLett.85.4438

C. Armendariz-Picon, V. Mukhanov, and P.J. Steinhardt, Essentials of k-essence,” Physical Review D, 63(10), 103510 (2001).
https://doi.org/10.1103/PhysRevD.63.103510

M.C. Bento, O. Bertolami, and A.A. Sen, ”Generalized chaplygin gas, accelerated expansion, and dark-energymatter unification,”
Physical Review D, 66(4), 043507 (2002). https://doi.org/10.1103/PhysRevD.66.043507

A. Kamenshchik, U. Moschella, and V. Pasquier, ”An alternative to quintessence,” Physics Letters B, 511(2-4), 265-268 (2001).
https://doi.org/10.1016/S0370-2693(01)00571-8

H.A. Buchdahl, ”Non-linear lagrangians and cosmological theory,” Monthly Notices of the Royal Astronomical Society, 150(1),
1-8 (1970). https://doi.org/10.1093/mnras/150.1.1

T. Harko, F.S.N. Lobo, S. Nojiri, and S.D. Odintsov, "f{R,T) gravity,” Physical Review D, 84(2), 024020 (2011). https://doi.org/
10.1103/PhysRevD.84.024020

B. Li, J. D Barrow, and D.F. Mota, ”"Cosmology of modified gauss-bonnet gravity,” Physical Review D, 76(4), 044027 (2007).
https://doi.org/10.1103/PhysRevD.76.044027

A. De Felice, and S. Tsujikawa, “Construction of cosmologically viable f(G) gravity models,” Physics Letters B, 675(1), 1-8
(2009). https://doi.org/10.1016/j.physletb.2009.03.060

K. Bamba, M. Ilyas, M.Z. Bhatti, and Z. Yousaf, “Energy conditions in modified f(G) gravity,” General Relativity and Gravitation,
49, 112 (2017). https://doi.org/10.1007/s10714-017-2276-x

A. De la Cruz-Dombriz, and D. Sdez-Gémez, “On the stability of the cosmological solutions in f{R,G) gravity,” Classical and
Quantum Gravity, 29(24), 245014 (2012). https://doi.org/10.1088/0264-9381/29/24/245014

M. De Laurentis, M. Paolella, and S. Capozziello, "Cosmological inflation in f{R,G) gravity,” Physical Review D, 91(8), 083531
(2015). https://doi.org/10.1103/PhysRevD.91.083531

E.V. Linder, “Einstein’s other gravity and the acceleration of the universe,” Physical Review D, 81(12), 127301 (2010). https:
//doi.org/10.1103/PhysRevD.81.127301

K. Bamba, C.-Q. Geng, C.-C. Lee, and L.-W. Luo, "Equation of state for dark energy in f{T) gravity,” Journal of Cosmology and
Astroparticle Physics, 2011(01), 021 (2011). https://doi.org/10.1088/1475-7516/2011/01/021

B. Li, T.P. Sotiriou, and J.D. Barrow, “Large-scale structure in f{T) gravity,” Physical Review D, 83(10), 104017 (2011). https:
//doi.org/10.1103/PhysRevD.83.104017

Y. Xu, G. Li, T. Harko, and S.-D. Liang, "f{Q,T) gravity,” The European Physical Journal C, 79, 708 (2019). https://doi.org/10.
1140/epjc/s10052-019-7207-4

T. Harko, and F.S.N. Lobo, "f{R,L,,) gravity,” The European Physical Journal C, 70, 373-379 (2010). https://doi.org/10.1140/
epjc/s10052-010-1467-3

O. Bertolami, C.G. Boehmer, T. Harko, and F.S.N. Lobo, "Extra force in f{R) modified theories of gravity,” Physical Review D,
75(10), 104016 (2007). https://doi.org/10.1103/PhysRevD.75.104016

J. Wang and K. Liao, "Energy conditions in f{R,L;,) gravity,” Classical and Quantum Gravity, 29(21), 215016 (2012). 10.1088/
0264-9381/29/21/215016

Y.-B. Wu, Y.-Y. Zhao, Y.-Y. Jin, L.-L. Lin, J.-B. Lu, and X. Zhang, ”Constraints of energy conditions and dk instability criterion
on f{R,L;,) gravity models,” Modern Physics Letters A, 29(22), 1450089 (2014). https://doi.org/10.1142/S0217732314500898

T. Harko, F.S.N. Lobo, and O. Minazzoli, "Extended f(R,L,,) gravity with generalized scalar field and kinetic term dependences,”
Physical Review D, 87(4), 047501 (2013). https://doi.org/10.1103/PhysRevD.87.047501

T. Harko, and M.J, Lake, "Cosmic strings in f{R,Ly,) gravity,” The European Physical Journal C-Particles and Fields, 75(2), 60
(2015). https://doi.org/10.1140/epjc/s10052-015-3287-y

L.V. Jaybhaye, R. Solanki, S. Mandal, and P.K. Sahoo, ”Cosmology in f{R,L;,) gravity,” Physics Letters B, 831, 137148 (2022).
https://doi.org/10.1016/j.physletb.2022.137148

L.V. Jaybhaye, S. Mandal, and P.K. Sahoo, "Constraints on energy conditions in f{R,L,,) gravity,” International Journal of
Geometric Methods in Modern Physics, 19(04), 2250050 (2022). https://doi.org/10.1142/S0219887822500505


https://doi.org/10.1046/j.1365-8711.2001.04902.x
https://doi.org/10.1046/j.1365-8711.2001.04902.x
https://doi.org/10.1086/345346
https://doi.org/10.1103/PhysRevD.69.103517
https://doi.org/10.1103/PhysRevD.62.023511
https://doi.org/10.1103/PhysRevD.62.023511
https://doi.org/10.1103/PhysRevLett.85.4438
https://doi.org/10.1103/PhysRevD.63.103510
https://doi.org/10.1103/PhysRevD.66.043507
https://doi.org/10.1016/S0370-2693(01)00571-8
https://doi.org/10.1093/mnras/150.1.1
https://doi.org/10.1103/PhysRevD.84.024020
https://doi.org/10.1103/PhysRevD.84.024020
https://doi.org/10.1103/PhysRevD.76.044027
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1007/s10714-017-2276-x
https://doi.org/10.1088/0264-9381/29/24/245014
https://doi.org/10.1103/PhysRevD.91.083531
https://doi.org/10.1103/PhysRevD.81.127301
https://doi.org/10.1103/PhysRevD.81.127301
https://doi.org/10.1088/1475-7516/2011/01/021
https://doi.org/10.1103/PhysRevD.83.104017
https://doi.org/10.1103/PhysRevD.83.104017
https://doi.org/10.1140/epjc/s10052-019-7207-4
https://doi.org/10.1140/epjc/s10052-019-7207-4
https://doi.org/10.1140/epjc/s10052-010-1467-3
https://doi.org/10.1140/epjc/s10052-010-1467-3
https://doi.org/10.1103/PhysRevD.75.104016
10.1088/0264-9381/29/21/215016
10.1088/0264-9381/29/21/215016
https://doi.org/10.1142/S0217732314500898
https://doi.org/10.1103/PhysRevD.87.047501
https://doi.org/10.1140/epjc/s10052-015-3287-y
https://doi.org/10.1016/j.physletb.2022.137148
https://doi.org/10.1142/S0219887822500505

55
Anisotropic Cosmological Model with SQM in f(R, L,,) Gravity EEJP. 3 (2024)

[37] L.V. Jaybhaye, S. Bhattacharjee, and P.K. Sahoo, "Baryogenesis in f{R,L,,) gravity,” Physics of the Dark Universe, 40, 101223
(2023). https://doi.org/10.1016/j.dark.2023.101223

[38] N.S.Kavya, V. Venkatesha, S. Mandal, and P.K. Sahoo, ”Constraining anisotropic cosmological model in f{R, L, ) gravity,” Physics
of the Dark Universe, 38, 101126 (2022). https://doi.org/10.1016/j.dark.2022.101126

[39] D.C. Maurya, “Accelerating scenarios of massive universe in f{R,L,,)-gravity,” New Astronomy, 100, 101974 (2023). https:
//doi.org/10.1016/j.newast.2022.101974

[40] R. Solanki, Z. Hassan, and P.K. Sahoo, ”Wormhole solutions in f{R,L,,) gravity,” Chinese Journal of Physics, 85, 74-88 (2023).
https://doi.org/10.1016/j.cjph.2023.06.005

[41] A.K. Yadav, L.K. Sharma, B.K. Singh, and P.K. Sahoo, “Existence of bulk viscous universe in f{R,T) gravity and confrontation
with observational data,” New Astronomy, 78, 101382 (2020). https://doi.org/10.1016/j.newast.2020.101382

[42] K.S. Wankhade, A.Y. Shaikh, and S.N. Khan, ”Interacting two fluid dark energy bianchi type-i radiating cosmological model in
f(R) gravity,” Prespacetime Journal, 13(3), (2022).

[43] [43] V.R. Patil, P.A. Bolke, S.K. Waghmare, and J.L. Pawade. Cosmological power law model and exponential model in f{R)
gravity. Prespacetime Journal, 14(6), 2023. https://prespacetime.com/index.php/pst/article/view/1852/1734

[44] V. Singh, and A. Beesham, "LRS Bianchi I model with strange quark matter and A(¢) in f{R,T) gravity,” New Astronomy, 89,
101634 (2021). https://doi.org/10.1016/j.newast.2021.101634

[45] A. Pradhan, A. Dixit, and G. Varshney, "LRS bianchi type-i cosmological models with periodic time varying deceleration
parameter in f{R,T) gravity,” International Journal of Modern Physics A, 37(18), 2250121 (2022). https://doi.org/10.1142/
S0217751X22501214

[46] V.R.Patil, P.A. Bolke, S.K. Waghmare, and J.L. Pawde, "Energy conditions and statefinder diagnostic of cosmological model with
special law of hubble parameter in f{R,T) gravity,” East European Journal of Physics, (3), 53-61 (2023). https://doi.org/10.26565/
2312-4334-2023-3-03

[47] Y.S. Solanke, A.P. Kale, D.D. Pawar, and V.J. Dagwal, "LRS bianchi type-i cosmological model in f{Q,T) theory of gravity
with observational constraints,” International Journal of Geometric Methods in Modern Physics, 20(12), 2350212 (2023). https:
//doi.org/10.1142/S0219887823502122

[48] T. Harko, F.S.N. Lobo, J.P. Mimoso, and D. Pavén, “Gravitational induced particle production through a nonminimal curva-
ture—matter coupling,” The European Physical Journal C, 75, 386 (2015). https://doi.org/10.1140/epjc/s10052-015-3620-5

[49] M.S. Berman, A special law of variation for hubble’s parameter,” Nuovo Cimento B Serie, 74, 182—186 (1983). https://doi.org/
10.1007/BF02721676

[50] V. Sahni, T.D. Saini, A.A. Starobinsky, and U. Alam, ”Statefinder—a new geometrical diagnostic of dark energy,” Journal of
Experimental and Theoretical Physics Letters, 77, 201-206 (2003). https://doi.org/10.1134/1.1574831

[51] U. Alam, V. Sahni, T.D. Saini, and A.A. Starobinsky, “Exploring the expanding universe and dark energy using the statefinder
diagnostic,” Monthly Notices of the Royal Astronomical Society, 344(4), 1057-1074 (2003). https://doi.org/10.1046/j.1365-8711.
2003.06871.x

[52] PK. Agrawal, and D.D. Pawar, ”Plane symmetric cosmological model with quark and strange quark matter in f(R,T) theory of
gravity,” Journal of Astrophysics and Astronomy B, 38, 2 (2017). https://doi.org/10.1007/s12036-016-9420-y

[53] S.-L. Cao, S. Li, H.-R. Yu, and T.-J. Zhang, "Statefinder diagnostic and constraints on the palatini f{R) gravity theories,” Research
in Astronomy and Astrophysics, 18(3), 026 (2018). https://doi.org/10.1088/1674-4527/18/3/26

[54] G. Gadbail, S. Arora, and P.K. Sahoo, “Power-law cosmology in Weyl-type f{Q,T) gravity,” The European Physical Journal Plus,
136(10), 1040 (2021). https://doi.org/10.1140/epjp/s13360-021-02048-w

AHI3OTPOITHA KOCMOJIOTTYHA MOJEJIb I3 SQM V f(R, L,,) FPABITAI.[IT
IIpagin Boake?, Bacyneo IMartin®, Caunn Barmape®, Hexa Maxakan®
ADakyavmem mamemamuru, Koaeoxc iHxcerepii ma meredxcmermy imerni npog. Pama Meze, baownepa, Jucm. Ampasami (MS), Inois
b Konedoc paxyrvmemy mamemamuku, Mucmeums, Hayku ma mopeieni, Yuxxanoapa, oxpye Ampasami (MS), Inois
¢ lenapmamenm mamemamuxu, TGPCET, Haznyp (MS), Inois

JlokanbHO 00epTanbHO-CUMeTpUYHa Mojiesib Bianchi-1, 3amoBHeHa IMBHOW KBapkoBow Matepieo (SQM), nocuimkyetrbes B f (R, Ly,)
rpaBiTanii K HemiHiiHWiA (yHKIioHaNn y ¢opmi f (R, Lm)zg + L%, ne o — BinbHUiI napameTp Mogeni. My po3IIsHY/IN ClieliaIbHUI
3aKOH 3MiHH IMapameTpa Xa66:ma, 3anpornoHoBanuii bepmanom (1983), a Takok BUKOPHCTAN CTETICHEBUIT 3B’ A30K MiXX MacIITaOHIME
akTopamu, 00 OTPUMATH TOYHMII PO3B’SI30K PIBHSHH MOJIA, sIKMI BiAmoBigae moxeni BeecBity. Mu Takox aHami3yemo (i3udHi
Ta TeOMETPUYHI acleKTH KiHeMaTHM4yHOI Ta JAMHaMiuHOI moBeniHku BcecBiTy. KpiM TOro, Mu BUKOPUCTOBYEMO MapaMeTpH PiBHSIHHS
crany (EoS) i mapamerpu BU3HAUYeHHs CTaHy fK aHANTHYHI IHCTPyMEHTH, 10O OTPUMATH YSBJEHHS Npo eBonouilo Bcecsity. Mu
BuKopuctoByeMo monesnr ACDM sk eranoH 11 nepeBipku pe3yibrari. Po3mimyoun BiaxuieHHs Beecity Big mMogem ACDM i
BOJIHOYAC POOJISIYHM BAXJIMBUI BHECOK Y JIOCIIKEHHS aHi30TponHoi npupoau f (R, Lm) rpaBitaiiii B paMKax KOCMOJIOTIYHOI IUHAMIKH,
CTaTTs MOKpAIIy€ Hallle pO3yMiHHS HAIIOi KOCMI1HOI €BOJIIOLIi.

Kuarouosi cioBa: kocmonoziuna modeav LRS muny Bianchi-1; f (R, Ly,) epasimayis; 0usHa Kéapkosa Mamepis; KOCMIUHULL Yac
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