71

EasTt EUROPEAN JOURNAL OF PHysics. 4. 71-78 (2024)
DOI: 10.26565/2312-4334-2024-4-06 ISSN 2312-4334

FLRW COSMOLOGICAL MODEL IN F(R,T) GRAVITY

Aroonkumar Beesham”
Mangosuthu University of Technology, PO Box 12363, Jacobs 4026, South Africa
*Corresponding Author e-mail: abeesham@yahoo.com
Received October 1, 2024; revised October 21, 2024; in final form October 31, 2024; accepted November 14, 2024

In this paper, the Friedmann-Lemaitre-Robertson-Walker cosmological models with a perfect fluid in the f(R,T) theory of gravity are
re-discussed. There are several ways to generate solutions. One way is to assume a barotropic equation of state. The other is to use a
deceleration parameter that varies linearly with time. An existing solution in the literature is reviewed, where solutions are obtained by
assuming, in addition to a barotropic equation of state, a linear varying deceleration parameter. It is pointed out such an assumption
leads to an over-determination of the solution. Hence, the feasibility of the solutions is a necessary condition to be satisfied. Only one
of the assumptions of an equation of state or of a linearly varying deceleration parameter is sufficient to generate solutions. The proper
solutions are given and discussed.
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1. INTRODUCTION

Recent observations from the anisotropy of the Cosmic Microwave Background (CMB) [1], supernova type Ia
(SNela) [2], large scale structure [3], baryon acoustic oscillations [4] and weak lensing [5] indicate the phenomenon of the
accelerated expansion of the universe at late times. At early times the universe was decelerating, and there was a transition
from deceleration to acceleration. There are bacsically two ways to try to explain this. One is that, in general relativity, the
matter of the universe contains an exotic component dubbed dark energy which causes a gravitationally repulsive force.
Several candidates have been proposed in this direction [6]-[10]. The other way is a modification of general relativity
resulting in modified gravity theories which change the Einstein-Hilbert Lagrangian, such as f(R) gravity [11].

Recently, Harko et al. [12] generalized f(R) gravity by introducing an arbitrary function of the Ricci scalar R and
the trace T of the energy-momentum tensor. The dependence upon 7 (in addition to R in the Lagrangian) may be due to
quantum effects (conformal anomaly) or to an exotic imperfect fluid. As a result of coupling between matter and geometry,
the motion of test particles is non-geodetic, and an extra acceleration is always present. In f(R,T) gravity, where f(R,T)
is an arbitrary function of R and 7', cosmic acceleration may result not only from the geometrical contribution to the total
cosmic energy density, but from the matter content. This theory can be applied to explore several issues of current interest
and may lead to some major differences. Houndjo [13] developed the cosmological reconstruction of f (R, T) gravity for
f(R,T) = fi(R) + f2(T) and discussed the transition of the deceleration matter dominated era to the acceleration one.

Various aspects of the theory have been explored by literally hundreds of authors since Harko et al [12] introduced
that theory. We cite a few of the key articles and also recent papers that have a relation to the work that we do in this
article. All these articles contain additional references. Akarsu and Dereli [14] studied accelerating universes with a
linearly varying deceleration parameter (LVDP). An LVDP in higher dimensions with strange quark matter and domain
walls was investigated by Caglar [15]. Bishi et al [16] have applied a quadratic deceleration parameter to f(R,T) gravity,
finding bouncing cosmologies. Sofuoglu et al [17] have applied a cubic deceleration parameter to f(R,T) gravity, finding
a big-bang singularity at the beginning, and a big rip one in the future.

The LVDP, as well as other variations of it have attracted a lot of interest. Alkaound et al [18] have studied an LVDP
in Lyra’s geometry, focussing on observational constraints, and future singularities, such as the big rip. Perturbation theory
has been used [19] to study the big rip singularity with a LVDP. Ramesh and Umadevi [20] have studied Friedmann-
Lemaitre-Robertson Walker (FLRW) solutions in f(R,T) gravity, in which they obtained solutions by assuming, in addition
to a barotropic equation of state, a LVDP. In this study, we review this solution, and point out that, firstly, both those
assumptions lead to an over-determination of the solution. Only one of them is sufficient to generate a solution. Secondly,
each of the assumptions leads to a different solution. The assumption of an equation of state leads to the equivalent
solutions in general relativity. Only the second assumption of a linearly varying deceleration parameter alone leads to a
solution that exhibits a transition from deceleration to acceleration. Thirdly, there appear to be several errors in the paper,
which we correct here.

This paper is organised as follows. In section 2, we give a brief introduction to f(R,T) gravity. Section 3 provides
details of the solution by Ramesh and Umadevi [20]. In section 4, we provide the updated solution and in section 5 we
give the conclusion.
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2. REVIEW OF F(R,T) GRAVITY
The action for f(R,T) gravity is:

s=%/f(R,T)«/§d“x+/Lmﬁd4x, M

where f (R, T) is an arbitrary function of the Ricci scalar R, and of the trace T of the energy-momentum tensor of the
matter, Typ. Ly, is the matter Lagrangian density, and the energy-momentum tensor of matter is defined as:

2 9 (V=8Lm)
V=8 og«

and the trace of T, by T = g%°T,;,. By assuming that the Lagrangian density Ly, of matter depends only on the metric
tensor components g,p, and not on its derivatives, we obtain:

) 2

Top = -

oL
Tub = gabLm — zag_an; . 3
By varying the action S of the gravitational field with respect to the metric tensor components g%” we get:
1 oT b1 b 6 (V=8Lm) 4
0S8 = — R, T)6R+ R, T 6g4’ — = R, T)6g” + 16n—— ————= | \/—gd"x, 4
Tl L T g e e Rk T

where we have denoted df (R,T) /OR by fr (R,T) and 8 f (R,T) /0T by fr (R, T). For the variation of the Ricci scalar,
we obtain

6R =5 (8" Rap) = Rapdg™” + g (VasT, = VoT2, ) . 5)

where V is the covariant derivative with respect to the symmetric connection I" associated with the metric g. The variation
of the Christoffel symbols yields

1
6F2b = Egde (Vaégbe +Vpogea — Veégab) s (6)

and the variation of the Ricci scalar provides the expression
SR = Rap6g°? + g4p00g"" — V, V1,087 . (7)

Therefore, for the variation of the action of the gravitational field we obtain

1
08 = 1e- | |k (R.T) Rap6g®” + fr (R.T) gap068“" = fr (R.T) Vo V58"
74
0 (gdere) p 1 b 1 0 (V‘ng) 4
+fr (R, T 6g?’ - = R, T)6g" + lon—— ——— |\/—gd"x. 8
fT( ) 6gab g Zgabf( ) g ﬂ‘\/__g 6gab g X ( )
where 0 = V9V,;. We define the variation of T’ with respect to the metric tensor as
5 (7T,
% =Tap +Oup . ©)
where ST
d
®ab = gdeé‘g_a;; . (10)

After partially integrating the second and third terms in Eq. (8), we obtain the field equations of the f (R, T) gravity model
as

1
fR(R,T)Ryp, — Ef (R,T) gab + (a0 — VaVyp) fr (R, T) =8nTup — fr (R, T) Tup, — fr (R, T) Oyp . (11)

Note that when f(R,T) = f(R), from Eqgs. (11) we obtain the field equations of f(R) gravity.
By contracting, Eq. (11) gives the following relation between the Ricci scalar R and the trace T of the stress-energy
tensor,

fR(R,T)R+30fr (R,T)-2f (R, T) =8aT — fr (R,T)T — fr (R, T) O, 12)
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where we have denoted ® = G)ﬂ” .
By eliminating the term Ofg (R, T) between Eqgs. (11) and (12), the gravitational field equations can be written in
the form

1 1 1 1
fr (R, T) (Rub - gRgub) + gf (R,T)gap = 8nm (Tab - §Tgab) - fr(R,T) (Tab - §Tgab)
-fr (R,T) (Gah - %anb) +V.Vifr (R,T) . (13)

Taking into account the covariant divergence of Eq. (11), with the use of the following mathematical identity [21]

Va

RR,T)Rup, — %f (R, T) gap + (gap0 = VaVyp) fr (R,T)] =0, (14)

where f (R, T) is an arbitrary function of the Ricci scalar R and of the trace of the energy-momentum tensor 7, we obtain
for the divergence of the stress-energy tensor Ty, the equation

_ fr(RT)
B 8

VTap [(Tab +Oap) VI f7 (R, T) + VOqp] . 15)

Next we consider the calculation of the tensor ®,5, once the matter Lagrangian is known. From Eq. (3) we obtain

first
6T e 88de oL %Ly
5g;lb = 5§Zb L+ 8de 3ganz17 - Zagabagde
08de 1 1 Bsz
= @Lm + zgdegabLm - zgdeTub - ZW . (16)
From the condition g,qg?” = 62, we have
084 h
Sgas = ~Sar8endy an
where 6£ Z = 6g/"/5g% is the generalized Kronecker symbol. Therefore for @, we find
de O0*Lpy
G)ab = _2Tab +gabLm — 2g —8gabagde . (18)

We take the matter Lagrangian to be given by L, = p. Now, there is degeneracy in the choice of the matter Lagrangian
in the sense that this choice does not make any difference to the resulting field equations in general relativity. Hence one
could also choose L,, = —p, where p is the energy density. [22]. We now indicate briefly how this Lagrangian leads to
the energy momentum tensor (Hawking and Ellis [23] give an excellent derivation of this). The fluid current four-vector
is defined as j¢ = pu®, where u“ is the fluid four-velocity. Now it is assumed that this is conserved, i.e., j“;a = 0. Taking
the Lagrangian to be L,, = —p, and varying so that the action is stationary, we get the momentum equation:

(p +p)u = —pyp(g”* +uu®) (19)

where p = u(1 + €), p is the density, € is the internal energy and the pressure p is given by p = u?(de/du). So i is the
acceleration.
We now turn to the form of the energy momentum tensor. The conservation of current may be expressed as:

1 9
T Gy L 20
T a __gaxa(\/ 8Jj%) (20)

or
2usp = (j4j" = j*jag")ogav @D

Now, in general, the Lagrangian L is a scalar function of some fields W“. The equations of motion can be obtained by the
requirement that the action:

I= / Ldv (22)

be invariant under a variation of the fields in some suitable region. The variation of the fields can be written as an integrand
in Ag,p only. Then the integral 01/du is:

5 [ @agaas 23)



74
EEJP. 4 (2024) Aroonkumar Beesham

where 7" are the components of a symmetric tensor which is taken to be the energy momentum tensor of the fields. Thus,
from equations (21)-(23), we get:

d d
T = |u(1 +e)+,u2—6 uu® +u2—6g“b (24)
du du
or, finally
Tap = (p + puagup + pgab (25)
The four-velocity u, satisfies the conditions u,u“ = —1 and u“Vy,u, = 0. Then, with the use of Eq. (18), we obtain
for the variation of the energy momentum of a perfect fluid the expression
Oup = _2Tab+pgab . (26)

As in the case of [20], we take f (R,T) = R + 2F (T), where ¥ (T) = AT. The gravitational field equations immediately
follow from Eq. (11), and are given by

1
Rap — ERgab =8nTup —2F ' (T) Tup, — 25" (T)Oup + F(T)gab » 27)

where the prime denotes a derivative with respect to the argument.
For the perfect fluid (25), O = —2T,p+pgab, and the field equations become

1
Rap — ERgub =81Tap +2F (1) Tap — 2pF ' (T)gab + F (T)gab - (28)

The above equation for (T') = AT, i.e., f(R,T) = R + 2AT, where the trace T = —p+3p finally simplifies as follows:
1
Rap = 5 Rgap = 87 +20)Tap, + A(p = P)8ab- (29)

3. BRIEF OUTLINE OF THE RAMESH/UMADEVI PAPER
In this section, we briefly outline the paper [20]. The FLRW metric was given by

dr?
1 —kr?

ds® = —dt* + a*(1) [ +7r2(d6* + sin® 0d¢?) |, (30)
where «a is the scale factor, (r, 8, ¢) are the usual spherical coordinates, and k represents the geometrical curvature of the
universe, i.e., k = 0 implies a flat universe, k = +1 is a closed universe, and k = —1 is an open universe. For the FLRW
metric (30), and the energy—-momentum tensor (25), the field equations (29) in f(R,T) gravity have been given as [20]:

.. )
2(%)+(%)+% = p(8n+7) - Ap, G1)
a? k
3= +3; = p(8rx+31)+51p. (32)
a

Ramesh and Umadevi then make two assumptions to derive their solutions, viz.,
1. A barotropic equation of state (EoS) of the form

p = €p, € = constant (33)

where the constant € = —1 to describe DE, € = 0 for pressure-free matter (dust), e = 1/3 for radiation.
2. A linear varying deceleration parameter (LVDP) g of the form [14]

qz—%z—nt+m—l, (34)
a

where n > 0 and m > 0 are constants.
Solving (34), the solutions were given as the three different forms for the scale factor:

2 nt—m
a =apexp | ———arctanh | ———— forn > 0and m > 0, 35)
l\/m2—2c1n (\/mz—chn)l
a =aog(mt+c2)''™ forn=0and m > 0, (36)

a=ape’ forn=0andm =0, 37)
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where ag, ay, az, as, ¢y, ¢2 and c3 are constants of integration.
It is then stated that by taking ag = 0 in equation (35), the following solution is obtained:

a(t) = exp

%arctanh (%t - 1)] . (33)

The Hubble parameter was given as:
a 2
H=—-=————. 39
a t(nt —2m) (39)

and the energy density as:

3 1 [24(nt —m +1) ] 40)
P = 81Ge+ 1) + 16€A] | (n® = 2m1)? |
Since they assumed the barotropic equation of state (33) where € is a constant, the pressure is just p = €p:
€ [24(nt —m +1) |
pP= ( 5 3 (41)
[84(3e+ 1) + 16€d] | (nt? —2mt)? |
4. REVIEW OF THE SOLUTION IN PREVIOUS SECTION 3
In this section, we first go through the paper [20] as discussed in the previous section, correcting the equations.
» Equations (31) and (32) should read as follows:
. ) k
2(f)+(“—2)+—2 = Ap- (87 +3)p, 42)
a a a
a? k
3l ]+35 = @r+30)p-4p. (43)
a a

* Then in the solutions (35), the constants a;, a;, az are missing.

» They state that by taking ap = 0 in equation (35), a solution is obtained. However, if one takes ag = 0 in equation
(35), then one gets a = 0.

* In the paragraph just before the conclusion, it is claimed that the energy density p us always positive iirrespective of
the curvature of the space. However, this is only true if the constants n, m, A, € are such as to allow positivity - they
have to ensure that both numerator and denominator in the equation for the energy density (40) are both positive, or
both are negative.

¢ In their solutions (40) and (41), the “84” in the denominators should read “8x”.

* We notice that equations (42) and (43) are two equations in the three unknowns a, p and p. Hence only one extra
condition is necessary to solve these equations. However, in their paper, Ramesh and Umadevi [20] have chosen
two conditions, viz., (33) and (34). We now show that any one of them is sufficient to generate solutions, but that
only the second condition allows for the transition from an early decelerated universe to a late accelerated one.

Let us start with the first condition of a barotropic equation of state (33), where € is a constant. In this case, equations
(42) and (43) can be written as:

. ) k
2 (ﬁ) + (a_z) +— = Ap- (87 +3)ep, (44)
a a a
a’ k
3|5 ]+35 = Brn+3)p-—Aep. 45)
a a

Without loss of generality, we now focus on the case k = 0, which can easily be extended to the cases k = +1. This
assumption of the EoS (33) alone is sufficient to obtain a solution since we then have only two unknowns, viz., a and p,
and two equations. From equations (44) and (45), we obtain the following equation for p:

[(8r+1)2 = 2]p = —u(g) + (247 +84) (Z—j) (46)

It is possible to also write a similar equation for the pressure p alone by eliminating the energy density p from equations
(42) and (43).The two resulting equations will be sufficient to obtain solutions. The general solutions to these equations are
quite complicated, involving hypergeometric functions, so we do not list them here. This is quite unlike general relativity.
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We now focus on the second condition of a LVDP (34) alone. This equation alone is enough to find a solution without
the additional need for an equation of state. We first note that in the solutions given by [20], viz., (35), (36) and (37), the
constants ay, as, a3 as well as ¢3 do not appear. The corrected solutions as given by Akarsu and Dereli [14] to equation
(34) are:

2 nt—m
a =aj exp | ———=arctanh | ———— forn > 0and m > 0, A7
Vm2 = 2cn (\/m2—2c1k)l
azaz(mt+cz)$ forn =0and m > 0, (48)
a=aze forn=0andm=0, (49)

where a1, a», az, c1, cp and c3 are constants of integration. In these solutions, we see the constants a1, as, az as well as c3,
and also that there is no ag. The last two of the above solutions are for constant g, which have been dealt with previously.
The new solution (47), was found by [14]. Only the solution for £ > 0 and m > 0 is discussed further, and the integration
constant ¢y has been set equal to . This sets the initial time of the universe as #; = 0. If we need early deceleration and
late-time acceleration, we have to choose n > 0 and m > 0 for compatibility with the observed universe. The condition
n > 0 corresponds to increasing acceleration (¢ = —n < 0). In order to get early deceleration, the condition m > O must
hold, and it can even be m > 1. Hence equation (47) is reduced to:

a=ajexp

%arctanh (%t - 1)] . (50)

We now have to find the energy density and pressure from equations (42) and (43). Let us first find the Hubble
parameter H = d/a. From equation (50), we find the Hubble parameter as:

a_ 2 (51)
a

H - .
t(nt —2m)

From the above two equations, we find
a _4nt—4m+4

- 52
a 2mt — nt? (°2)
From equations (42) and (43), we can derive an expression for the energy density p (for k = 0):
(647° + 1670)p = (247 + 8A)H? — 2A(H + H?) (53)
and then using equations (50) and (51), we find that:
967 + 241 — 8Ant + 82
T+ nt + 8Am (54)

p= (64n2 + 1671) (nt — 2m)2t2

This solution for p is a generalisation of the one given by Akarsu and Dereli [14] for the case k = 0, and it reduces to that
when A = 0 (note the system of units we are using corresponds to that used in [20] in which they put only the gravitational
constant G = 1. In ref [14], the condition 87G = 1 is used). The pressure may also be determined similarly, as well as for
the cases k = +1.
Now we determine the equation for the pressure using the LVDP. Again, from equations (50) and (51), we get (for
k =0):
64 (kt —m + 3) + 241 — 24mA + 24nAt

= 55
P (6472 + 4871 + 822) (ni? — 2m1)? (55)
The equation of state w = p/p is given by:
(647 (nt —m + 3) + 242 — 24mA + 24nAt) (647> + 16714) 56)

(6472 + 487 + 842) (967 + 241 — 8Ant + 8Am)

It can be seen clearly that the pressure (55) is not just a multiple of the energy density (54), as can also be seen from the
equation of state (56). If we put 4 = 0, then we recover general relativity, and the corresponding equations as in [14]. They
have plotted all these parameters in general relativity, and shown that with a LVDP, it is possible to obtain a transition
from deceleration to acceleration. In addition, they have shown that for the values m = 0.097 and n = 1.6, it is possible to
satisfy observational constraints.
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5. CONCLUSION
In this work, we have discussed the FLRW solutions in f (R, T) using a linear deceleration parameter. We first began

by giving a brief review of the f(R,T) theory of gravity. Then we discussed the paper by Ramesh and Umadevi [20].
Various points from that paper were been clarified. The full solutions to the equations for a linearly varying deceleration
parameter as proposed by Akarsu and Dareli were provided and discussed next. We note the following:

The solutions with a LVDP do not have a barotropic equation of state in general.

In the above sense, either of the assumptions made is not compatible with the other, and each has to be made
separately to generate solutions.

The solutions in f(R,T) theory provide a transition from deceleration to acceleration.

The kinematical quantities such as the scale factor, Hubble parameter and deceleration parameter have the same
behaviour as that discusssed by Akarsu and Dareli [14].

f(R,T) offers a wider range of possibilities than general relativity.

Several investigations have been made with slightly different forms of the LVDP such as linear in different forms of
time ¢, the redshift z, or in the scale factor a [24]. These authors found that these models compare just as well, if not
better, than the standard ACDM model.
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KOCMOJIOTTYHA MOIEJIb FLRW V {(R,T) FPABITAHIi
Apynkymap Bimem
Texnonoeziunuii ynisepcumem Manzocymy, I1C 12363, /oceiikooc, 4026, [lisoenna Agppura

V 1iif cTaTTi 0O6rOBOpPIOIOTECS KOocMooriuni Moaeni ®pigmana-Jlemerpa-Podeprcona- Yokepa 3 ineanbHoto pimunoo B f(R,T) Teopii
rpasiTauii. IcHye Kinbka crioco6iB cTBopeHHs pinteHb. OQuH i3 croco6iB — MPUITYCTUTH OapOTPOIIHE PIBHAHHSA CTaHy. [HIIMI nonsrae
y BUKOPHCTaHHI TTapaMeTpa yIOBUIbHEHHS, SIKMIA 3MiHIOEThCS JiHIAHO 3 yacoM. OIMsIa€ThCs iCHyI0Ue pillleHHs B JiTepaTypi, ae pilie-
HHsI OTPUMaHi IUISIXOM TPUITYIIEHHsI, Ha JOAATOK 10 GApOTPOIHOrO PiBHSHHS CTaHY, JiHIHHOrO 3MIHHOTO MapamMeTpa YIOBiIbHEHHSI.
3a3HAvya€ThCS, IO TaKe MPHITYIIEHHS MPU3BOIUTH O HaAMIpHOI BU3HavYeHOCTI pimeHHs. OTxe, 30iCHEHHICTD PillleHb € HEOOXiIHOI0
YMOBOIO, sIka IOBUHHA OyTH 3a10BoJIeHa. JInie ofiHe 3 NpuITyIeHb PiBHSHHS CTaHy a0o JIHIITHO 3MiHHOTO IapameTpa yHOBUIbHEHHS €
JOCTATHIM JJIs1 CTBOPEHHS pillieHb. HaaloThesl Ta 0OTOBOPIOIOTHCS BiIMIOBIIHI PillleHHS.

Kurouosi caoBa: f(R,T) epasimauis; mooeai FLRW; nainiiinuii 3minHuti napamemp ynoginbHeHHst;, KOCMOAOZIMHI piulenHsl; 30iliCHeH-
Hicmb pilieHb
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