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Abstract: Although the standard lambda cold dark matter cosmological model is quite successful in
describing the universe, there are still several issues that are still not resolved. Some of these are the
cosmological constant problem, certain anomalies in the cosmic microwave background radiation
and whether general relativity is valid on large scales. Therefore, it is interesting to examine modified
theories in an attempt to solve these problems, and to examine the entire range of possibilities that
are allowed. In this work, we examine one of these modified theories, viz., f(R,T) gravity. We study
the homogeneous and isotropic models in this theory, which have some pleasing features, such as no
initial singularity, a dynamic cosmological term, and a transition from early deceleration to late-time
acceleration as intimated by observations. The physical parameters of the model, as well as the
energy conditions, are discussed and a viable cosmological model can be constructed.

Keywords: dark energy; variable cosmological parameter; f(R,T) gravity

1. Introduction

The most widely accepted theory to study the evolution of the universe is, undoubt-
edly, Einstein’s general theory of relativity, which predicts that the universe was condensed
into a very small, hot, and dense state initially, and then expanded. In recent times, obser-
vations of type la supernova indicate that the current rate of expansion of the universe is
accelerating [1,2]. After this, many observations have supported the idea of an accelerated
expansion [3,4]. In order to explain this acceleration, a new form of energy has been pos-
tulated that has a repulsive effect called dark energy (DE) [5-7]. According to the Planck
mission team’s best estimate [6], the universe is made up of three forms of matter/energy,
viz., 68.5% dark energy, 26.6% dark matter, and only 4.9% baryonic matter.

The most favoured explanation for dark energy is Einstein’s cosmological
constant [8,9] which is obtained by adding a cosmological constant to the equations of
Einstein’s standard Friedmann-Lemaitre-Robertson-Walker (FLRW) equations, and leads
to the lambda cold dark matter or concordance model [6]. This has a solution that includes
accelerated expansion and it is widely accepted as the best solution to the dark energy prob-
lem [10]. However, the lambda cold dark matter model has several problems associated
with it, such as the existence of anomalies in the cosmic microwave background radiation
and on small scales, the initial big-bang singularity, the predictability and testability of the
inflationary paradigm, the cosmological constant problem, the validity of general relativity
on large scales, and the particle nature of dark matter [10]. Basically, the cosmological
constant problem is the following [11]: particle physics predicts a constant that is approxi-
mately 10120 times larger than the currently observed value of the constant. This problem
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has still not been solved, despite much research in the area. One possibility is a dynamic
cosmological parameter [12] which can either fit the observations [13], or fit them even
better than the standard ACDM model [14].

The dark energy associated with the standard ACDM model is constant. An impor-
tant quantity relating to dark energy is the equation of state w in cosmology, which is
the relation between the pressure p and the energy density p of the cosmic fluid. Nowa-
days, a great deal of effort is being expended in observational cosmology to analyze
models of dark energy with different equations of state, which are not necessarily constant.
Quintessence is a dynamic scalar field with equation of state w = p/p > —1. Another
case is the phantom model of dark energy [15-17], with equation of state w < —1 in which
there is a future singularity due to the increasing density of dark energy [18-20]. Apart
from this, several other scalar field models have been proposed such as spintessence [21],
k-essence [22,23], quintom [24], the tachyon [25,26], and chameleon [27] with different
equation of state parameters. Another category of alternative thought is to come up with a
dark fluid, which unites both dark matter and dark energy [28]. Holographic dark energy
is one of the contenders which has been suggested in which dark energy originates as a
quantum fluctuation of space-time. For detailed reviews on dark energy and its contenders,
we refer to these excellent articles [10,29-36].

In another direction, the reason for the acceleration of the universe can be sought
in modified gravity theories, for example, f(R), f(T), and f(G), where f(G) is mod-
ified Gauss-Bonnet gravity, f(G) being a general function of the Gauss—-Bonnet term.
Harko, et al. [37] introduced f(R, T) gravity, in which the usual action of general relativity
is replaced by a function of T and R, where T is the trace of the energy momentum tensor
and R is the Ricci scalar. Furthermore, the T dependence in the action of f(R, T) theory
could conceivably be due to the existence of some imperfection as there can be some
quantum effects, such as intrinsic particle production [38]. This theory allows for an expla-
nation of accelerated expansion without dark energy, and for an avoidance of the initial
singularity. Many studies have been conducted in f(R, T) gravity, and we list just a few
such as perturbations, [39] energy conditions, [40—42] thermodynamics, [43,44] wormhole
solutions [45-47], higher dimensions [48,49] and interacting matter components [50,51]. It
is possible to attain a violation of energy conservation [52], and this is something which
still needs to be fully investigated. It may be pointed out that the theory is, in some sense,
general relativity with a modified matter part, thus allowing for a dynamic cosmological
parameter [53]. This allows for the possibility of solving the cosmological constant problem.

In this paper, we reconstruct the FLRW model in f(R, T) theory, focusing on a variable
cosmological parameter. This correspondence has not been fully studied. We find a
model that exhibits a transition from deceleration in the past, to current acceleration.
The behaviour of the physical parameters is analysed, as are the energy conditions. The
cosmological parameter varies from being large at early times, and decreases to a small
value today.

This paper is based on results presented at the “1st International Electronic Conference
on Universe” and is a much extended version of the abbreviated paper that appeared in
the conference proceedings [54].

2. Basic Equations

In f(R, T) gravity, the action is:

S— /(16171f(R’ T) + Lm) /—gdxt. )
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where f(R, T) is an arbitrary function of the Ricci scalar R, and the trace T of the energy—
momentum tensor Tj;, i.e., (T = ¢"T};), g is the determinant of the metric tensor g;;, and Ly,
is the matter Lagrangian density. The definition of the energy-momentum tensor T, is:

_ 2 oy/—8Lm
TVV_ \/jg (ggyv 4 (2)

It is assumed that the Lagrangian density (L;;) of matter depends not on the derivatives
of the components (g,,) but only on the metric (g,y) itself. This leads to:

oL
Tuv = §uvLlm —2 agz:nv' 3)

We note that f(R, T) gravity is a generalisation of general relativity, which can also be
considered as an extension of the f(R) gravity.

Since the field equations in f(R, T) gravity also depend on the physical nature of the
matter field (through the tensor ®,, as we shall see shortly), each functional form of f
leads to a different theoretical model. The three most used forms of f are:

f(R,T) = R+2f(T), @
f(R,T) = fi(R) + f2(T), ®)
f(R,T) = fi(R) + f2(R) f3(T). (6)
The usual choice for the function f(R, T) which we shall use here is [37]:
f(R,T) = fi(R) + f2(T), )

i.e., a sum of two independent functions of R and T, respectively.

To obtain the field equations in f(R, T) gravity, the action for the field and matter has
to varied and then and equated to zero. Varying the action S in Equation (1) with respect to
the metric tensor g;;, we obtain the field equations in f(R, T) gravity as:

fi(R)R;; — %(fl(R) + f2(T))gij + (80 — ViVj) fi(R) = 87Ty; — f5(T)T;j — f,(T)®;j, (8)

where [ = ViVj is the D’ Alembertian operator, and the prime denotes the derivative with
respect to its argument. The tensor ©;; is defined as

ST,
©; ="~ o ©)

We assume the following forms [55] for the functions f1(R) and f>(T)
fi(R) = MR, fo(T) = AT, (10)

where A1 and A; are arbitrary coupling constants of f(R, T) gravity. We take the matter
content in the universe to be a perfect fluid whose energy momentum tensor is given by:

Tij = (p + p)uiuj — pgij, (11)

where p and p are the pressure and energy density and of the fluid, respectively,
and u' is four velocity vector normalised by u'u; = 1. From the equation L, = —p,
Equation (9) becomes:

Oj; = —2Tj; — pgij, (12)

Because of this, the field Equation (8) takes the form
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fi(R)R;j — %(ﬁ(R) + f2(T))gij + (8ij0 = ViVj) f1(R) = 87Ty; — fo(T)Tyj — fo(T)pgij, (13)

Using Equations (9)-(12), Equation (13) becomes:
1 8T+ Ay Ay 1
Rij = 5Rgij = (M)TijJF M(P+2T>gij- (14)

Note that this equation reduces to the general relativistic limit when we put
A =1A=0.

Now, in the general theory of relativity, the Einstein field equations with cosmological
term are:

1
Rij = 5Rgij = Tij + Agij, (15)

We notice a similarity between Equations (14) and (15). Hence, if we take A; to be
approximately unity, and A, to be small, we can set:
A 1
A=AT)=2(p+=T), (16)
A 2
This leads naturally to a varying cosmological parameter A as a function of T in
f(R, T) gravity. Hence, we may also regard f(R, T) gravity with the function f given by
Equation (10) as equivalent to general relativity, but with a modified matter term, i.e., the
addition of a dynamic cosmological parameter. Evaluating the trace T from Equation (11),

we obtain:
Ao

A= E(p—p)- (17)

This equation gives the dynamic cosmological parameter in terms of the density p and
pressure p in f(R, T) gravity.
We consider the flat FLRW metric:

3
ds? = dt* —a®(t) ) _ dx?, (18)
i=1

where a(t) is the scale factor. The Hubble and deceleration parameters are defined
by, respectively:

a
H=2> 19
:, (19)
da
with the metric (18), the field Equation (14) become:
8T+ A A A
2 _ 2 22,2
i = [(T2) + e e D

2f pap2 = — | (LAY A, A
2

" P+ ip (22)

207
and we achieve the pressure and energy density from the above two equations as

_ M Az
P= Brt2n) {H (87 + Aa) (’”1)]H2' (23)
M [ g (16143 2
& (87T+2)\2)[ (87 + Az) (‘7+1)]H' (24)
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and then, the cosmological parameter from Equation (17) as:
Az 2
A= —————2—-q)H 25
and the equation of state parameter (w = p/p) is given by
w:_l+(l67r+4)\2)(q+l)' (26)

(2471 4 4A7) + Aog

3. Solution to Field Equations

Despite a lot of effort in trying to determine the nature and cause of dark energy,
we still do not have the final answer. Hence, a model independent approach is being
investigated recently making use of what is called cosmography [56-60] to attain suitable
conditions to assist in solving the cosmological equations. In cosmography, we expand the
scale factor, Hubble parameter, or deceleration parameter in a Taylor series in some suitable
variable or parameter. Hence, we can study the universe in a way that is independent of
the model being studied. The Taylor series for a function f(x) is given by

flx) =Y pix, (27)
i=0

where m is a positive constant and the p; are arbitrary constants.

Based on the above, we relate the deceleration parameter g to the Hubble parameter
H. We expand the deceleration parameter g in a power series about the Hubble parameter
H. Then we retain only first order terms. This yields a linear function of the deceleration
parameter as a function of the Hubble deceleration parameter, i.e.,:

q=«-+ BH, (28)
where « and p are constants [61-67]. We need to discuss the solution to this equation for
the two cases & # —1 and &« = —1 separately.

Case (i): For & # —1, Using Equations (19) and (20) to solve Equation (28) for the scale

factor a, we find
(14 a) 1 l

a=exp|— t— =1, 29
PIm B T ira B )

where [ is an integration constant. From Equation (28), we then find that:
g=-1 (30)

This corresponding to a strictly accelerating universe. Since we are seeking solutions
which show a transition from deceleration to acceleration, we need g to be the variable.
Hence we do not consider this case further.

Case (ii): For the case &« = —1, Equation (28) becomes:
qg=-1+pBH, (31)

where B is a constant. From the definitions of H and g, Equations (19) and (20), respectively,
we can write the solution as:

_ L 1 _ 4. P
a—exp[ﬁ\/Z,Bt+k], H—\/m, q= 1+\/W, (32)

where k is a constant of integration. We note from Equation (32) that g > 0 at early times,
corresponding to deceleration, and g4 < 0 at late times, corresponding to acceleration.
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We now use observations to estimate the values of the constants 8, and the integration
constant k. If we evaluate Equation (31) at the present time, we have

‘70 == _1 + ,BHOI (33)

Observations tell us that g0 = —0.51 [68] and that Hy = 75.35 km s 1 Mpc_1 =
0.0751 Gyr~! [69]. Substituting these values into Equation (33), we find 8 = 6.525. From
Equation (32), we then find the value of k as k = 3.536. How do we select appropriate
values for A and A,? Since the general relativistic limit is given by A; — 1,1, — 0, we
choose A; = 0.9 and A, = 0.1 to plot all subsequent figures. In plotting all figures, these
values of B, k, A; and A, are used.

4. Plots of Parameters

In Figures 1 and 2 below, we have plotted the the Hubble parameter H and deceleration
parameter g against time:

H

0.20

0.10

04l

o8l

Figure 2. Deceleration parameter g against time f (in Gyr).
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The pressure, energy density and cosmological parameter and equation of state pa-

rameters are, respectively:

___ M 34 BA2 1
P~ Brnran) (87 + Ap)\/2Bt + k | (2Bt + k)’
_ M 3 B(167 +3A,) 1
P~ Brt2r) (87 + Ax) /2Bt + k | (2Bt + k)’
(8 +2A2) (8 +2A5) /2Bt + k| (2Bt + k)’
and
w14 B(167T 4 4A5)
387+ Ay)/2BE+ K+ BAy
These parameters have been plotted against time in Figures 3-6 below:
o
0.004f
0003 -
o.002[
0.001f
I L L L " I i L L L B W— e = I ||
i 10 15 20
Figure 3. Energy density p (in Gyr—2) against time t (in Gyr).
F
0.0002 |
1 1 1 1 r-
i 5 10 15 20
-0.0002 |
-0.0004
~0.0006 [
-0.0008

Figure 4. Pressure p (in Gyr~?2) against time ¢ (in Gyr).

(34)

(35)

(36)

(37)
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p.ooozH
o.0002 |

0.0001

o
=
]
=Y
o
[ %]
=]

-0.0001

Figure 5. Cosmological parameter A (in Gyr~2) against time ¢ (in Gyr).

EoS
0.4+

0zb

oel

Figure 6. EOS parameter w against time ¢ (in Gyr).

5. Parameters and Their Evolution in Terms of Redshift

From the observational point of view, it is preferable to express the parameters in term
of redshift z. The scale factor a as a function of redshift is given by

a(z) = . (38)

From Equation (32), we find

[15\/2‘[#+k: In(a), (39)
and from Equation (38), we find
In(a) = In(ag) — In(1+z). (40)

Hence, the Hubble and deceleration parameters as functions of redshift are:

1
H(z) = Blin(ag) —In(1+2z)]’ (41)
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1
16) = 1+ s T s o)

We now plot the deceleration parameter vs. redshift (Figure 7):

(42)

Al
Figure 7. Deceleration parameter g against redshift z.

From this figure, it is easy to see that the deceleration parameter g4 was positive at
early times, implying deceleration, and negative at late times, implying acceleration.

Using the t — z relationship, we find the pressure, energy density, cosmological pa-
rameter and equation of state parameters as follows:

_ A Ao 1
P= Grie O B e e P A
A (167 4 3A,) 1
s ] AR s e e = e e
:{ R - ] : (45)
Br+2h;) (87 +24g)[In(ag) —In(1+2)] | BPlin(ag) —In(1+2)"
and

3(87+ Ag)[In(ag) —In(1+z)] + Ay’
We can plot these quantities as follows (Figures 8-11):

0.04|

poz|

0.01 [

glase

Figure 8. Energy density p (in Gyr~2) against redshift z.
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0.025

0.020f
0.015}

0.010

0.005

Figure 9. Pressure p (in Gyr~?2) against redshift z.

A

0.00020

0.00025

0.00020 |

000015

0.00010

TN T S NN TSN TN TN N S S T N S ST T [ TS S N O O T T T S H

0.5 1.0 1.5 210 25 2.0

Figure 10. Cosmological parameter A (in Gyr‘2) against redshift z.

EoS

Figure 11. Equation of state parameter w against redshift z.
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6. Energy Conditions

The material content of the universe must fulfil certain energy conditions. The weak
energy condition (WEC), dominant energy condition (DEC) and strong energy condition
(SEC) are given by, respectively:

p>0,p+p=0(WEC), (47)
p = |p| (DEC), (48)
0+3p >0 (SEC). (49)

These energy conditions can be plotted against time by making use of
Equations (23) and (24).

From Figure 12 below, it can be seen that the matter content in this model obeys the
WEC and DEC, but not the SEC, as to be expected. The SEC is violated at late times,
as to be expected, since we need a negative pressure for late time accelerated expansion.
However, at early times, the SEC is positive as required by big bang cosmology.

0.006 - |
3 0.004 1
(0] F 4
c
L
” I ]
§ 0.002f 1
2 I ]
C
o
O

0.000 »
[ ¥

-0.002 - 1

Bl L L L L 1 L L L L 1 L L L L 1 L L L L 14

0 5 10 15 20

Time

Figure 12. Energy conditions Ecs (in Gyr_z) against time t (in Gyr) (green: p — p; red : p +
p; magenta : p + 3p).

7. Om Diagnostic Analysis

There is a wide variety of models which are trying to reconstruct the properties
of dark energy directly from observations. Such a procedure is very dependent on the
priors assumed, such as the matter density, and the wrong choice for such priors can
be problematic. The Om(z) diagnostic analysis is an attempt to distinguish the lambda
cold dark matter model from competing ones with as few priors as possible [70]. It is
known that all dark energy models needs a negative deceleration parameter g positive
Hubble parameter H. Therefore, these parameters by themselves are not sufficient to
distinguish amongst the variety of dark energy models available. The Om(z) analysis plays
an important role in this regard. It has also been applied to the Galileo model [71,72]. The
parameter Om (z) is defined by [73]:

-1

(1+z)P3-1 (50)

Om(z) =
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It can be seen that in the Om(z) equation, the first derivatives of the scale factor occur.
For dark energy, a flat universe and constant equation of state w, we find [70]

x*—1

(51)
where (), is the matter density, x = 1+ z and &« = 3(1 + w). From this, it can be seen
that for the lambda cold dark matter model (« = 0), Om(z) = Q,,, whilst for quintessence
(x > 0), Om(z) > Q and for the phantom case (¢ < 0), Om(z) < Q. In the case of
evolving dark energy models, where w = w(z), the difference of the model from the
standard lambda cold dark matter model is as follows: Quintessence is characterised by a
concave upwards slope of Om(z) and phantom-type behaviour by a positive slope.
In our model Om(z) turns out to be:

1— B2H2(In(ag) — In(1+ z))?

Om(z) = H2B?(In(ag) — In(1+z)]?z(3 + 3z +22)

(52)

The function Om(z) is concave upwards, signifying a quintessence zone. We have plotted
the graph of Om(z) in Figure 13 below, from which these characteristics are clearly visible.

Omz

=T T T

0.3

1 1 L 1 L 1 " 1 L = " 1 L i e 1 " 1 z
-4 2 -

3
I

Figure 13. Om diagnosis Omz against redshift z.

8. Discussion

We have analysed the results of the theoretical calculations corresponding to our
cosmological model against observational data. We found the values of the constants and k
and  such that the present value of the deceleration parameter gq is —0.54 [74]. We used
these values of 8, k and A in plotting all the figures.

In Figure 1, the variation of the Hubble parameter H is plotted against time t. We
observe that the Hubble parameter H is a positive and decreasing function of the time ¢,
and H — 0 as t — oo. Figure 2 plots the deceleration parameter against the time t. This
graph affirms early deceleration and late-time acceleration. The transition occurs at g = 0.
In our model g —+ 0.4as t — 0 and ¢ — —1 as t — oco. In Figure 8, we plot the variation of
q against z.

In Figures 3 and 8, are plotted Equations (23) and (35), respectively, the energy density
p against time t and redshift z, respectively. The energy density is a decreasing, positive
function, and p — 0 ast — oo and z — —1, which is similar behaviour to the big-bang
model. In Figures 4 and 9, we have plotted the pressure p against time ¢ and redshift z, as
per Equations (24) and (36). We see that the pressure p is negative, corresponding to the
current accelerating phase of the universe.
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In Figures 5 and 10, the cosmological parameter is plotted against time f and redshift z,
respectively, (see Equations (25) and (37)). The cosmological parameter was large initially, is
decreasing and A — O ast — oo (or z — —1). This could help in resolving the cosmological
constant problem [11], and a variable cosmological parameter could provide a better fit to
observations [14]. In Figures 6 and 11, the equation of state parameter is plotted against the
time t and redshift z as per Equations (26) and (38), respectively. We notice that w is not a
constant but time dependent. The SNela data [75] limit w to the range —1.67 < w < —0.62,
while a combination of galaxy clustering statistics, SNela and CMB anisotropy data yield
the range w as —1.33 < w < —0.72. At present, our model exhibits quintessence with
w > —1. Thus, our derived model is in keeping with observations [75-77].

Finally, in Figure 13, we have plotted Om(z). Our model is presently in the quintessence
zone (w > —1) , and will evolve into the phantom stage (w < —1) in future.

9. Conclusions

In this article, we have analysed a model containing a variable cosmological parameter
in flat FLRW space-time in f (R, T) gravity by assuming a particular form of the deceleration
parameter in terms of the Hubble parameter [78]. We graphed the various physical parame-
ters against time, as well as redshift. The vital characteristics of our model are the following:
Our model was decelerating in the past, and is currently accelerating as can be seen from
Figure 2. The behaviour of the parameters g, p, p, w, and A are illustrated by means of
Figures 2-5 and 7-10. We have a variable cosmological parameter, which was large initially,
and which decreases with time. This could help in resolving the cosmological constant
problem, and is a pleasing feature of f(R, T) gravity.

What can we say about the future of our model? As we can see from Equations (32),
the model will continue to expand forever into the future. From the Equation (46) for the
equation of state, as t — oo, w — —1, the lambda cold dark matter model. Hence, our
model asymptotically tends to the lambda cold dark matter model in the future. With the
values of the parameters that we have used, our equation of state parameter w = —0.7
at z = 0. This is somewhat higher than that inferred from observations [6], but it may be
possible to attain a closer fit using different values for the parameters A1 and A2. This is
the subject of ongoing investigation, and we hope to report on this in the near future.
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